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LIST OF ABBREVIATIONS

C — carbon
Mn — manganese
Si — silicon

V — vanadium
Cr — chromium
N — nitrogen

P — phosphorus

S — sulfur

Al — aluminum

Cu — copper

Ni — nickel

Ti — titanium

W — tungsten

Mo — molybdenum
Co — cobalt

Pb — lead

Zr — zirconium

HNO;3 — nitric acid solution

HB — hardness values according to Brunel

EMU - Electric Multiple Unit

ER1 — Riga electric train Type 1

ER2 — Riga electric train Type 2

ER2T- Riga electric train Type 2 with recuperative—rheostat braking
OP2P — Riga electric train Type 2 with rheostat braking

OP2T — Riga electric train Type 2 with recuperative-rheostat braking
EIDI2 — Lugansk electric train Type 2

3T2 — Torzhok electric train Type 2

OP9 — Riga electric train Type 9

EITJI9 — Lugansk electric train Type 9

319 — Demikhov electric train Type 9

DRIA — Riga diesel train Type 1

TI'M4 — Mamevru diesel locomotive with hydraulic transmission, Model 4
TI'M — shunting diesel locomotive with hydraulic transmission, Model 6
TOM - shunting diesel locomotive with electric drive, Model 2

TA-2 — Type 2 maintenance

TA-3 — Type 3 maintenance

TR-1 — Type 1 periodic repair

TR-2 — Type 2 periodic repair

TR-3 — Type 3 periodic repair

TR-3+ — Type 3 periodic repair with service life extension

VR — intermadiate overhaul

GR — main overhaul

FEM - Finite Element Modeling

LDz — State Joint Stock Company “Latvijas dzelzcels”
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INTRODUCTION

Today, various types of couplings are used in mechanical engineering. A coupling made of
highly elastic silicone, rubber, or rubber with reinforced fibers and a steel cord is used for the
transmission of the rotational moment between the units exposed to significant dynamic, vibrating,
and shock loads. Couplings of this type are designed to compensate for significant angular, axial
or radial misalignments. The manufacturer indicates the maximum possible deviations in the
product's passport and standard. Couplings with a highly flexible U or toroidal profile shell are
used in various drives: in construction machinery and road construction equipment, machine
building workbenches, rolling and drilling equipment, pump units, in transport — the rolling stock
of multiple unit trains, as well as in the power drive of various types of ships.

Every year in Europe, a significant number of unplanned repairs of industrial equipment are
recorded in connection with the failure of the flexible coupling (rubber cord shell). A failure of a
flexible rubber cord coupling leads to the shutdown of industrial equipment or traction rolling stock
for unscheduled repairs. In turn, unplanned repairs require funding to restore the equipment's
operability. On average, the price of one unplanned repair consists of the price of the flexible
coupling itself, the replacement of the unit connected to it, as well as the downtime of production
equipment. In Latvia, in the period from 2012 till 2021, the rolling stock of JSC ‘Pasazieru
vilciens” has had 101 cases of failure of the flexible rubber cord coupling. The financial losses to
replace the damaged coupling averaged 575-594 euros, depending on the type of coupling. Due to
this, there is a need to discover the cause of the failure timely and introduce modern technical
solutions, with the aim of reducing the number of unplanned repairs and financial expenses related
to the failure of the rubber cord coupling. Therefore, after analyzing the situation, a calculation
methodology was developed and the influence of external factors on the side surface of the flexible
coupling was evaluated. The methodology was developed by taking as an example the flexible
coupling traction gear of JSC “Latvijas dzelzcels” EMU rolling stock with a toroidal profile casing
installed on ER2 series EMU car, and a U-shaped profile casing installed on ER2T series EMU
car.

Research aim

The aim of the research: To reduce failures of rubber-cord couplings and their fastening bolts and
to development a methodology to reduce the likelihood of this phenomenon.

Research tasks

1. Collect statistical data on the failure of rubber-cord couplings and bolts and systematize
them.

2. Develop a methodology for researching failures of the rubber-cord coupling and its
fastening bolts and carry out approbation.

2. Experimentally determine the material properties of the rubber-cord coupling and calculate
the material properties at operating, critical, and breaking loads.
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. Create a calculation model of the flexible element of the rubber-cord coupling in the
modeling program package.
. Develop a shock-vibration load monitoring device for the fastening bolts of the rubber-
cord coupling.
. Develop recommendations for reducing the failure of rubber-cord couplings and their
fastening bolts.

Research methods

. Experiments were carried out on determining the material properties of rubber-cord
fragments and the surface rubber layer of rubber-cord couplings under uniaxial tension.

. Finite element modeling was used in the SolidWorks Simulation environment, applying
nonlinear highly elastic material models.

. In the SolidWorks Simulation environment, studies of the modal shapes, frequencies, and
stress-deformation state of the coupling shells were carried out in order to evaluate the
causes of their failure.

. In order to assess the causes of the breakdown of the coupling fastening bolts, dynamic
and static tensile tests of the bolts were performed, as well as microstructural and chemical
analysis of the bolt material.

Scientific novelty of the Thesis

. A methodology has been developed, for the timely detection of failures of the rubber-cord
coupling casings and their fastening bolts, which are operated under the conditions of
Latvian railways.

. A computer model was developed in the SolidWorks Simulation environment, which,
using the Mooney—Rivlin method, allows to estimate the impact of the load on the
coupling and its maximum critical values, and dangerous frequencies and stress values at
different speed ranges.

. A shock-vibration device has been invented, which makes it possible to continuously
accumulate and analyze data on the impact force to the bolts during the operation of the
vehicle.

Reliability of the obtained result

The research results were evaluated and compared with the results of other authors and with
the data obtained by unilateral deformation of several coupling shells in the course of full-scale
experiments. The reliability of the experimental data was ensured by the accuracy of the
measurements and comparison with the data of the normative documentation.

Practical significance of the research

The recommendations, which have been developed on the basis of the conducted studies,
will allow to reduce the failure of the rubber-cord coupling in operation.

With the help of the developed shock and vibration force control devices of bolted fasteners,
data on the impact force can be constantly collected and analyzed in order to reduce the number
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of unplanned repairs of railway rolling stock or vehicles of other industries, as well as to reduce
the number of accidents.

Approbation of the research results

The Thesis results have been reported and discussed at several scientific conferences in Latvia
and abroad.

1. 19th International Scientific Conference “Economic Science for Rural Development”,
Jelgava, Latvia, 2020, the Latvia University of Life Sciences and Technologies.

2. 20th International Scientific Conference “Engineering for Rural Development”, 26-28
May 2021, Jelgava, the Latvia University of Life Sciences and Technologies.

3. IEEE 9th Workshop “Advances in Information, Electronic and Electrical Engineering”,
Riga, Latvia, 2021.

4. 2020 IEEE 8th Workshop “Advances in Information, Electronic and Electrical
Engineering”, Vilnius, Lithuania IEEE 2020.

5. XIHI International Scientific Conference “Transport Problems”, Poland, Katowice —
Sulejow. Silesian University of Technology, 2021.

6. Proceedings of the 10th International Scientific Conference “Rural Development”, Kaunas,
Lituania, 2021, Aleksandras Stulginskis University.

7. 26th International Scientific Conference “Transport Means”, Kaunas University of
Technology 2022.

Publications

1. Gavrilovs, P., Gorbacovs, D. Hardness Testing and the Chemical Composition Analysis of
the Er2 and Er2t Series EMUs Traction Transmission Rubber-Cord Coupling Bolts. 19th
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330, Jelgava Latvia, 2020, the Latvia University of Life Sciences and Technologies. ISSN
1691-5976.
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978-1-6654-6713-1.

4. Gorbacovs, D., Gavrilovs, P., Eiduks, J., Strautmanis, G. Failure Analysis of Rubber-Cord
Couplings of ER2 Series Electric Trains. 22th International Scientific Conference
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1. OVERVIEW OF THE RESEARCH

Until now, various flexible couplings have been used to compensate the loads between the
shafts. In mechanical engineering, the group of flexible couplings includes various coupling
designs, insert-fingers, couplings with a flexible element in the form of a star, toroidal form and
others. In the shafts of devices in the connection area of this type of couplings, there usually are
axial, radial, and angular displacements. Therefore, the joints are subjected to significant
mechanical and thermal loads. Such loads often cause damage to the connections between the
elastic elements and the fastening elements.

. Classification of rubber-cord couplings

Rubber-cord couplings are widely used in modern mechanical engineering; they are designed
for torque transmission between units from one shaft to another. Flexible couplings are subjected
to significant vibration, dynamic and shock loads during operation over a wide range of scales.
Flexible couplings reduce hits and shocks and serve as a safeguard against resonant torsional
vibrations that occur as a result of uneven rotation, allowing relatively large displacements of the
axes of the connected shafts.

Various types of flexible couplings are known in mechanical engineering, the design of
which has several features:

* flexible pin and bush coupling;

» flexible coupling with a flexible element in the shape of a star;

« flexible couplings with toroidal rubber cord.

1.1. Damage analysis of the rubber-cord couplings and their fastening bolts in
the Latvian railway

The failure data of the rubber-cord coupling and its fastening bolts for the period from 2012 to

2021 are shown in (Fig. 1.1).
30
25
20
15
10
5

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
m rubber-cord coupling failure 6 11 10 11 12 10 14 12 7
M the rubber-cord bolts failure 18 28 29 25 29 28 37 39 38 27

number of failures

Fig. 1.1. ER2 and ER2T rubber-cord coupling and rubber cord coupling bolt failures.
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In DR1A diesel trains, for the same time period from 2012 to 2021, 6 cases of rubber cord
coupling failures and 14 cases of fastening bolt failures were detected. Data on the number of
failures are given in (Fig. 1.2).

3

2,5

i|]||||||l

0
2012 | 2013 2014 2015 2016 2017 2018 2019 2020 2021

M rubber-cord coupling failure

m the rubber-cord bolts failure 1 3 2 2 1 2 1 2 0 0

number of failures

Fig. 1.2. DR1A rubber-cord coupling and fastening bolt failures.

Analyzing the provided statistical data shown in Figs. 1.1 and 1.2, it was found thatthe most
frequent breakdown of rubber-cord coupling and fastening bolts occurs in electric trains (Fig. 1.3).

Fig. 1.3. Example of rubber-cord coupling layer rupture.

Accordingly, the question arises, why do rubber-cord coupling failures occur? And is this
problem relevant in the world?

Therefore, the current situation related to the data on the time of operation of the coupling until
failure was analyzed — the effect of various forces and stresses, the effect of temperature, as well
as the effect of shaft deviations on the coupling. Taking into account the mentioned effects, a new
methodology was developed for calculating and evaluating the influence of external factors on the
casing of a flexible coupling. The methodology was developed using an available example of
traction drive connections with a toroidal casing in the rolling stock of a Latvian railway motorcar.
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2. DEVELOPMENT OF THE METHODOLOGY
FOR REDUCING THE NUMBER OF FAILURES OF RUBBER-
CORD COUPLINGS AND THEIR MOUNTING BOLTS

The purpose of the methodology developed by the author is to reduce the number of failures
of the rubber-cord couplings and their fastening bolts, to determine in time the causes of damage
to the bolts of the flexible coupling shell, and to develop measures to achieve a reduction in the
number of failures of couplings and their bolts. The methodology for preventing the failure of the
rubber-cord coupling and its bolt fastening consists of 10 steps.

1. Summarizing of statistical data on damage zones.
Control of warming up temperature parameters.
Rubber-cord coupling hardness test.
Rubber-cord coupling dimensions check.
Calculation of breaking forces of rubber-cord couplings.
Measurement of deviations of the rubber-cord couplings.
Frequency analysis of rubber-cord couplings.
Studies of rubber-cord coupling material properties.

I R I S

. Development of a rubber-cord model in the FEM software package
10 Determining bolt damage by various methods.

2.1. Summary of statistical data on damage zones

The surface of the coupling damage occurring in operation was determined and the distance
from point A of the fastening disk to the damage place, point B, was measured (Fig. 2.1). Failure
statistics was collected for more than N cases.

Fig. 2.1. Visual inspection of the rubber-cord coupling places:
— lower part; b — middle part; ¢ — upper part.
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After visual inspection, areas of failure were identified, indicating the presence of problem
areas in the rubber-cord coupling that require investigation. If the rubber-cord coupling is broken
or damaged during operation, it must be replaced.

2.2. Control of warming up temperature parameters

Control of the heating temperature of the rubber-cord coupling as part of the technical service
system must be carried out immediately after the production equipment has stopped. In order to
perform temperature control, it is necessary to know the maximum allowable limit of heating
temperature of the rubber-cord coupling in operation. The limit temperature t,,,, of couplings is
regulated by the ISO and EN standarts. Temperature measurements should be made:

* a — in the lower part of the rubber cord coupling;
* b — in the middle part of the rubber cord coupling;
* c— in the upper part of the rubber cord coupling.

The temperature is measured in the upper, middle and lower part of the coupling in five places
around the coupling circle, at least 5-7 mm away from the previous temperature measurement. The
temperature measurement locations are shown in Fig. 2.2.

Fig. 2.2. Temperature and hardness measurement points:
a — lower part; b — middle part; ¢ — upper part.

Temperature measurement locations are determined by the difference in diameters (D — d):

* a—10 % difference in the lower part;
* b—50 % difference in the middle part;
* ¢ 90 % difference in the upper part.

The heating temperature test was performed for N rubber-cord couplings at 30 points #1....30 (Fig.
2.2) from both sides and the average value of the heating temperature was determined, Eq. (2.1).

14



Kt @1

tvia = 30 '

where ¢ is the heating temperature, °C
Check the compliance with the standard data and the average determined temperature with the

maximum allowable fmax, Eq. (2.2).

tvid < tmax 2.2)

The periodicity of coupling warm-up temperature parameters control should be performed
depending on the operating temperature conditions:

*—20°C to 0 °C — once every 6 months;

* 0 °C to +20 °C — once every 6 months;

* +21 °C to +25 °C — once every 3 months;
¢ +26 °C to +30 °C — once a month;

*+31 °C to +35 °C — once a week.

2.3. Rubber-cord coupling dimensions check

In operation, the following geometric dimensions of the coupling are determined:
e outer surface diameter D, mm,;
e inner seat diameter d, mm;
o thickness of the upper part 6, mm;
e side wall thickness J;, mm.

When measuring the rubber-cord coupling, it is necessary to know the limit values of the
coupling sizes D, d; d,; J1 in permissible operation. Measurements must be performed on non-
working equipment as part of system maintenance. Couplings size control must be carried out and
D, d, and J; must be determined (Fig. 2.3 a). The dimension, &, was used for force P¢ calculations.
D, d, and d; were compared with standard data Dy, dg, and &;4:

® Dgt <D < Dg;
® dst <d< dst;
® b5t <6 < b

To accurately determine the diameter of the coupling, two measurements should be taken
horizontally and vertically at an angle between the measuring plates of 90°. The measurement
locations of geometric dimensions are shown in Fig. 2.3.

15
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Fig. 2.3. Determining the geometric dimensions:
a — coupling size control; b — test on eccentricity.

The measurements of coupling diameter, D and d, and side surfaces, é and d1, should be
performed in three places along the coupling circle. The obtained coupling measurement results
are compared versus the data of the ISO, EN, and DIN standards, which regulate the limit sizes of
the rubber-cord coupling allowed in operation.

As part of the methodology, it was proposed to selectively control the dimensions of new
couplings before putting them into operation. For the couplings in service, the geometric
dimensions are checked depending on the rotation frequency:

* up to 700 rpm — once a year;

* from 701 to 1500 rpm — every six months;

* from 1501 to 1800 rpm — every three months;
* from 1801 to 2000 rpm — once a month.

According to the measurement results, if the size of the coupling complies with standards ISO,
EN, and DIN, the coupling is allowed to operate; if the size of the coupling does not comply with
ISO, EN, and DIN standard requirements, then this coupling must be withdrawn from operation.

The geometric dimensions of the couplings are further used to calculate the forces and stresses
acting on the coupling during operation methodology (step 2.5).

2.4. Testing the hardness of the rubber-cord coupling

The rubber-cord coupling hardness is regulated by standard ISO, EN, and DIN. According to
the standard, the hardness of the rubber-cord coupling is determined by the Shore A method and
should be within the range of 50.0-65.0 conditional units. The hardness measuring device must
ensure the measurement accuracy at the ambient temperature range from —30 °C to +60 °C.
Measurement of coupling hardness should be done at different temperature ranges:

* 20 °C;
«0°C;
*+20 °C;
* +60 °C.
16



Hardness measurements in the upper, middle and lower parts of the coupling shall be made
at least 5—7 mm away from the location of the previous temperature measurement. The hardness
measurement locations are shown in Fig. 2.2.

Hardness measurement locations are determined by the difference in diameters (D — d):
* a—10 % difference in the lower part;
* b—50 % difference in the middle part;
* ¢ 90 % difference in the upper part.

It is necessary to take five hardness measurements in each temperature range:
« in the lower part of the rubber-cord coupling;
« in the middle part of the rubber-cord coupling;
* in the upper part of the rubber-cord coupling.

Te hardness of N rubber-cord couplings should be tested at 30 points and Ci...Co (Fig. 2.2) from
each side of the coupling and the average value calculated using Formula (2.3).

22, C; 2.3)
30

Ciig =

where C; is hardness, conditional units.
The average determined Cy;q is checked with maximum permissible Cimax, Eq. (2.4).

Cst min < Cvid < Cst max (2-4)

Hardness measurements are performed depending on the temperature conditions under which
the rubber-cord coupling operates:
* from —20 °C to 0 °C, once a month;
« from +1 °C to +20 °C, once every 3 months;
e from +21 °C to +40 °C, once a month;
e from +41 °C to +60 °C, once a week.

If the hardness of the clutches does not meet the requirements of regulatory documentation,
then the coupling must not be put into operation, but the existing coupling must be replaced with a
new one.

If the conditions are not met, then the rubber-cord coupling must be replaced. If the conditions
according to the steps of the methodology are met, then we move on to point 5 of the methodology.

2.5. Calculation of the disintegration forces of a rubber-cord coupling

If coupling failures occur during operation, but the geometric dimensions, hardness parameters
and heating temperature of the coupling meet the requirements of the ISO, EN, and DIN standards,
then in order to identify the causes of the coupling failure, it is necessary to perform force, stress,
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and torque calculations. The forces, stresses and torque acting on the coupling and their maximum
values under operating conditions should be determined.

The impact of the centrifugal force, P¢; Pci, is shown in Fig.2.4.

According to step 2.5 of the methodology., it is necessary to determine the action of forces in
order to identify the dangerous operating modes of the rubber-cord coupling at different speed
ranges.

7

p
’
%
%
7
%

V22777724

~

Fig. 2.4. Centrifugal force acting on the coupling.

The resultant specific centrifugal force acting on the coupling N/m:
1. Acting in the center of the coupling

b-26
b-28 D-6 D-§
Pczf q-dzzf p-S-T-wZ-dz=p-6-T-w2-(b—2-6), (2.5)
0
0

where
w — angular speed, rad/s;
q — intensity of centrifugal force on the coupling side surface, N/m?;
p — rubber density, kg/m®;
0 —thickness of the upper surface of the coupling, mm;
b —coupling thickness, mm;
D — diameter of coupling, mm.

2. Acting on the side surface:

851 51
D2_d2 DZ_dZ
Pc1=fQ1'dz=fp'T'wz'd'dZ=P'T'wz'd'51’ (2.6)
0 0

where

w — angular speed, rad/s;
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p — rubber density, kg/m®;
q, — centrifugal force intensity on the side surface of the coupling, N/m?;
01 — coupling side thickness, mm;
b — coupling thickness, mm;
D — diameter of coupling, mm.
3. The ratio of the torsional displacement tangential stresses to the friction point t and
determining the ratio to the coupling mounting flange 7.
e The tangential stress of coupling displacement relative to the coupling mounting flange
(shown in Fig.2.5).

A-A
[r1] = 7,

Fig. 2.5. Effect of torsional shear tangential stress:
Rs — inner radius of the ring; Ry — outer radius of the ring; R — friction radius;
T« — torsional shear tangential stress in relation to the coupling mounting flange;
M, —torque of the rotor shaft; I — torsion area; II — torsional displacements of the anchor shatft.

¢ The tangential stress of coupling displacement relative to the coupling mounting flange:

M, D 16-M,
Ty = =2 == ix <1, 2.7
?(1_ﬁ) nD (1_F)

where
M, — traction motor torque, k N m;
D — the outside diameter of the ring, mm,;
d — the inner diameter of the ring, mm;
p — friction radius, mm;

[z] — allowable tangential stress 0.7-0.75 MPa [27].
The obtained tangential shear stress calculation results were compared with the permissible

tangential stress.
Torque is determined by Formula (2.8).

M, =——n, 2.8)
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where
P — traction motor power —k W;
m=23.14;
n — traction motor speed, rpm;
n — traction motor efficiency 86-92 % [22].

In addition, in accordance with Formulas 2.11 and 2.12, the torsional shear tangential stress T
and the moment Ma is determined at low speeds from 0 rpm to 200 rpm, and determine the action
of the centrifugal force P at high speeds from 500 rpm to 2000 rpm.

The numerical value of stress and moment forces is determined with an accuracy of one
hundredth (0.00) of the calculated units.

The calculated value of the force P. and the effect of the moment M, are further used in the
FEM modeling program.

2.6. Measurement of deviations of the rubber-cord coupling

The permissible values of axial, radial and angular deviations of couplings are regulated by
the ISO, EN, and DIN standard and are measured:
a — in the radial direction;
b — in the axial direction;
¢ — in the angular direction.

Fig. 2.6. Types of coupling deviations:
a — in the radial direction; b — in the axial direction; ¢ — in the angular direction.

Determining the coupling deviations should be done on non-working equipment as part of the
maintenance procedure. Deviation measurements for N couplings should be carried out in three
places, shown in Fig. 2.7, along the coupling circle:

* in the upper part of the coupling o — 0°;
* in the middle part of the coupling B — 90°;
* in the lower part of the coupling Y — 180°.
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Fig. 2.7. Rubber-cord coupling measurement locations.

Each coupling should the following measurements:
e radial a,, b,, cy;
e axial ag, bg, cg;
e angular a,, by, ¢,.
The obtained measurement data should be compared with standard data:
Qq, ba,cq, ag, bg, cp ay, by, ¢, < gy, by, Cot-

The obtained measurement data of axial, radial and angular deviations are used for modeling
in the FEM software environment to determine the influence of deviations on the safe operation of
the rubber-cord coupling.

2.7. Research on material properties of rubber-cord coupling

In order to perform the frequency analysis of the rubber-cord coupling, it is necessary to
determine for N samples:
e the rubber-cord coupling mass, M,
o the coupling stiffness coefficient, F;
¢ self-frequencies of the coupling resonance, w.
Determining the rubber cord coupling mass was done by weighing, using scales with an
accuracy of +50 g.
Coupling stiffness K was determined:
K= M/p, (2.9)

where M, is torque, k N m, and ¢ is the turning angle, rad.
The self-frequencies of the coupling depend on the rigidity (the fastening method) and on the
mass of the coupling, Formula (2.10):
w = (F/M)*3, (2.10)

where F is the coupling stiffness coefficient, H/m, and M is the coupling mass, kg.
To obtain results in hertz, Formula (2.14) must be divided by 2m:
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w = (F/M)*5/2m, 2.11)

where 7 is mathematical constant, © = 3.14.

Further, the study of resonance frequencies is used in the FEM modelling software in step 9
of the methodology in order to determine dangerous frequencies at which the amount of mass of a
certain coupling participates in the oscillations.

2.8. Research on material properties of the rubber-cord coupling

The aim of the research is to determine the mechanical properties of the rubber-cord coupling
material under different types of loads. Determining the material properties is carried out with a
tensile test device under single-break and cyclic loads, with maximum loading of the areas subject
to failure.

In order to determine the properties of the material, it is necessary to perform crushing and
cyclic experiments of the rubber-cord coupling fragments. The coupling is divided into N similar
parts, and /N fragments are taken for smashing and cyclic experiments.

Fig. 2.8. Selection of sample sizes and shapes of the coupling casing fragments.

A series of N; tests were carried out under single crushing and under cyclic loading to
determine the material properties:
1) deformation — L;, mm;
2) relative deformation — &;;
3) elastic modulus — E;, MPa;
4) stress — oj, MPa;
According to the test results, to determine the dependence ¢ =f'(¢), the approximation should
be performed:
T=f(e)=ae™ +be" 1+ k,, (2.12)
where o is stress, MPa, ¢ is relative deformation, and a, b, and ko are coefficients.

Based on the test results, the dependence of the deformation on the stress was determined and

with the results of approximation of the obtained data a mathematical model of the material was
created. Next, based on the test results, the obtained material properties were used to create the
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elastomer material model in the FEM environment and to form the material model in step 9 of the
methodology.

2.9. Development of a rubber-cord coupling model in the FEM software
package

In order to implement this step of the methodology, a software tool in the FEM package must
be selected, in which the modeling was be performed (ANSYS, ABAQUS, MD ADAMS
MEDINA, SOLIDWORKS). The most suitable tool for design, computational modeling and stress
state analysis of elastomeric material was created and the model of FEM material was determined.

Data of material properties of the model from the methodology step 8 and the test results, the
dependence of stress, o, on the deformation, € (6=f(¢)), at single rupture and type of cyclic loading,
was entered into the modeling program. The elastomer material models were selected from:

1) Mooney-Rivlin methods, oy =1 (€);
2) Blatz-Ko methods, og, =f(¢);
3) nonlinear elastic method (NLE), onig =1 (€).

In FEM, a rubber-cord coupling material model was created for each of the elastomer material
models listed above.

Modeling accuracy was identified:

Ay = Y(omg — 0)? (2.13)
A, = ¥(opL — 0)? (2.14)
Az =Y. (onLe — 0)%, (2.15)

where o is stress after trial results, MPa, andoyg, 0gy, and oy g is stress after the modulation
results, MPa.
A model was chosen — A;; Ay; A= min.

Further, with the selected material model, the modeling was performed of working condition
parameters Pc, Ma, a,, by, ¢y, w and with different modulation parameters the most heavily loaded
areas of the rubber-cord coupling were determined. The obtained data were compared with P, M,,
Ay, by, Cq, w, and limit values.

Based on the modeling results in the FEM software, the most stressed areas of the rubber cord
coupling were determined

2.10. Determining the bolt damage by various methods

The purpose of this methodology step is to find and determine the causes of bolt failure. In
order to determine the reasons for bolt failure, a number of tests were performed of bolts with
different working time:

teksp = off (Af), (2.16)

where fesp is Operating time, h; o; is breaking stress, MPa; and (Af) is the time interval, h;
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o crushing under static load Pc, for N samples;
e crushing under dynamic load Py, for N samples;
¢ crushing under impact load ax at different temperature ranges, for N samples;
e determining hardness, HB, for N samples;
e determining the chemical compositions of N samples for the presence of harmful
impurities of phosphorus (P) and sulfur (S).
The purpose of the tests is to determine the reasons for the failure of the rubber-cord coupling
bolts. The obtained test results should be compared with ISO and EN standard data.
The purpose of metallographic analysis is to obtain information about the structure of the
material at the microscopic level by preparing a sample and analysing its surface.

3. APPROBATION OF THE METHOD USING THE EXAMPLE
OF TOROIDALO RUBBER-CORD COUPLING

3.1. Investigation of the causes of the side surface destruction of the rubber-
cord coupling
There were 21 cases of coupling damage in the period from September 2019 to 31 December

2021. Examples of the side surface disintegration of the rubber-cord coupling are shown in Fig.
3.1

Fig. 3.1. Examples of the side surface disintegration of a rubber- cord coupling:
a—sample 1; b — sample 2; ¢ — determining the destruction zone sample 2.

During the period from September 2019 to 31 December 2022 there were 21 cases of
disintegration of the side surface of the rubber-cord coupling:

e 1 (one) case is related to wear of the upper surface of the coupling caused by friction
against the reducer mounting bolt;
e 20 cases are related to damage in the area of attachment of the casing to the flanges.
All 20 cases of failure of rubber-cord coupling are related to the crushing of the side surface.
With a detected place of destruction — the coupling wall at a distance of 10-20 mm from the

attachment point of the outer diameter disc.
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3.2. The results of determining the heating temperature of the rubber-cord
coupling

In order to determine the heating temperature of the rubber-cord coupling under real
operating conditions, the author of the Thesis conducted three experimental trips with passenger
trains: two trips with electric train No. 1307 and one trip with electric train No. 1342R.

According to the results of the test runs, it was established that the conditions for the coupling
not to heat up more than + 75 °C [21] are observed in the Latvian railway.

In total, the heating temperature was measured for 44 rubber-cord couplings.

3.3. Determining the geometric dimensions of coupling

The obtained measurement results were compared with DIN EN 13913:2003-08 [1] standard
data and are shown in Table. 3.1.

Table. 3.1
Determining Geometric Dimensions of Coupling
Sample measurement indicators, mm DIN EN
13913:2003-08
Index name Sample 1 Sample 2 ’
mm
The largest limit value of the
586.5701 580.5%91 580%
diameter of the outer surface, D 0.1 01
Inner buttock diameter, d 3545151 354.8%51 35412
Side wall thickness, o1 28.5+01 29.2401 3072

Based on the results of measurements, it was found that all sizes of couplings, except the
diameter D of the outer surface of sample 2, meet the requirements of the DIN EN 13913:2003-
08 standard. In total, the overview of rubber-cord coupling samples measured during the technical
service is 53 pieces. From the measurement results of 53 couplings, it was found that the outer
surface diameter D of three couplings does not meet the standard requirements.

3.4. Determining the hardness according to the Shore A method depending
on temperature

The research aims to determine the hardness at different temperature regimes. Hardness
measurements were carried out in the RTU laboratory using a rubber hardness meter Elcometer
3120 Shore Dustomer A [10], the hardness test was performed in accordance with the requirements
of'the ISO 7619-1:2010 standard [7], the hardness measurement data of two rubber-cord coupling
fragments were compared with ISO 14691:2008 standard data [8], the hardness measurements
were made in four different temperature ranges:

e +60 °C;
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o +22°C;
e 0°C;
e -20°C.
According to the obtained measurement results, it was established:
e At a temperature of —20 °C, the measured hardness values of both couplings exceed the
standard hardness parameters [8] by 6.4—11.9 conditional units.
e At a temperature of 0 °C, the measured hardness values of both couplings exceed the
standard hardness parameters [8] by 3—6.4 conditional units.
e At atemperature of +22 °C:
o for sample 1, two average measurement values exceed the standard hardness
parameters [8] by 1.0-2.9 conditional units;
o for sample 2, all average measurement values exceed standard hardness parameters
[8] by 2.0—4.4 conditional units.
e At atemperature of +60 °C, the hardness values for both couplings were not exceeded.
Based on the results of hardness measurements, a significant increase in hardness was found
during the winter period.

3.5. Calculation of breaking forces of rubber-cord coupling

In order to determine the causes of the breakdown in accordance with step 2.5 of the
methodology of the rubber-cord coupling, calculations were made of the forces acting on the
damage zones of the couplings during operation — forces Pc and Pe1, as well as tangential stress T«
and torque M..

e Determining the torque

In the conditions of suburban traffic, with short track sections and with frequent stops of the
electric train at stops, the maximum torque, M,, is reached at low revolutions of the traction motor
during the acceleration of the electric train. The maximum torque is determined by Formula (2.12).

According to the calculation results, torque M, at five speed ranges is shown in Table 3.2.

Table 3.2
Torque Constant

EMU train Traction motor
Torque M,,
speed, speed, N-m
m/h rpm
5 64 1.74x10*
10 129 8.65x10°
20 258 4.32x103
40 517 2.15x10°
120 1825 0.96x10°

According to the calculation results, it was found that at 64 rpm, the loss of stability of the
rubber-cord coupling occurs, which according to [21] occurs at 1.2x10* N m. Loss of rubber-cord

coupling stability is the inability of the coupling to maintain its original position or shape.
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e Determining the centrifugal force

Centrifugal force Pc and P is determined according to Formulas (2.5) and (2.6), at 60 km/h
and a maximum speed of 120 km/h.
Angular speed, w:
e at speed 60 km/h = 72.24 rad/s;
e atspeed 120 km/h = 191.07 rad/s.
The results of measuring the side surface of couplings are shown in Table 3.3.

Table 3.3
Determining the Coupling Parameters
Thickness of the
Sample No upper surface of'the Coupling side Coupling thickness, b,
coupling, J, thickness, d;, mm mm
mm
1 15.8 21.1 132.1
2 16.5 21.4 131.6
3 15.9 22.2 130.2

According to step 2.5 of the methodology, the forces acting on the rubber-cord coupling
were calculated. The calculation data are shown in Table 3.4.

Table 3.4.
Calculation Results
. Angular
Coupling speed, P., N/m P, N/m
parameters
rad/s
| 72.24 7.80x10° 1.05x10*
S 1
amp’e 191.07 | 1.43x10° 1.93x10°
S &2 72.24 7.95x10° 1.06x10*
ampre 191.07 | 1.44x10° 1.95x10°*
72.24 7.61x10° 1.02x10*
Sample 3 y y
191.07 1.39x10 1.88x10

e Determining torsional displacement tangential stresses

In order to determine the torsional shear tangential stress T, it is necessary to measure the
coupling flanges. For this purpose, flange measurements of Samples 1 and 2 were made.. For
Sample 3, the flange was not measured because the coupling is new and has not been in service.
The measurement data are shown in Table 3.5.
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Coupling Flange Measurement Data

Table 3.5

The outside Inner diameter | Coupling pressure | Area of friction
diameter of the of the ring, point for flange, radius,
Sample No . . .
ring, d, mm friction radius, dp, mm
D, mm p, mm
1 4211191 340.2154 175.3%54 15.1431
2 420.2191 339.9%91 175.1351 15491

Calculation results are shown in Table. 3.6.

Results of couplings stress and force calculations

Table 3.6

Sample No. Traction motor speed, .. MPa
rpm
64 2.05
Sample 1 129 1.02
258 0.51
64 2.07
Sample 2 129 1.03
258 0.51

According to the calculation results, it was found that the maximum shear tangential stress in

relation to the coupling mounting flange i is reached at the moment of starting the electric train

from the place, up to 64 rpm, when the maximum tangential stress is exceeded:

e Sample 1 —by 1.30 MPa;
e Sample 2 — by 1.32 MPa.

3.6. Measurement results of axial radial and angular deflection of rubber-cord

coupling

When installing the coupling on the rolling stock, the deviations of the coupling during its
installation must meet certain parameters, which are regulated [19]. According to [19],

displacement measurements of rubber cord couplings are performed after restoration during repair
TR-3 [20] in the upper part.
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The data of the average value of the measurements (0°; 90°; 180°) are shown in Table 3.7.

Table 3.7
Coupling Angle Deviation Measurement Data 2020-2021
Coupling Radial Axial displacement, Angular
misalignment displacement, mm displacement,
mm degrees
Average measured | g g i 1S mm | from 2 till 16 mm 0° + 4°
value
Maximum allowable 15.0 200 40

value

As a result of the analysis of the measurement data of the parameter deviations indicated in
Table 3.7, the following graphs were obtained (Figs. 3.2-3.4).

Radial displacement, mm

4 5 g 11 3
12% 1% 394 3% 59 10

5% 12
5%
1
6%
7
6%

11%

13
9%

6
9%
2 15 8%
9% 8%

Fig. 3.2. Radial displacement of the shafts in percentage.

Axial displacement, mm

11 14

12% 3% 4o
‘° l /_ZM;

10% 15

9% 6% 9%

Fig. 3.3. Axial displacement of values in percentage.
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32%

Angular displacement, degrees

4
20%

24%

Fig. 3.4. Angular displacement measurements in percentage.

Analyzing the data of inclination angles, cases of significant deformations of flexible

couplings in radial, axial, and angular directions were found.
As a result of the measurement data analysis, it was found that the most common occurrences in

operation are:

1) deviation of 4 mm in the radial direction — 8 cases or 11.42 %j;

2) deviation of 11 mm and 8 mm in axial displacement — 16 cases or 22.85 %;

3) deviation of 3 mm in angular displacement — 17 cases or 24.28 %.

When measuring the displacement of the shaft, it was found that on several wheelsets, the

deviations of the shafts are significant in all three directions: the radial, axial, and angular.

3.7. Calculation of the elastic element of a rubber-cord coupling using FEM
modeling software package

Experimental studies of the coupling shell were carried out to determine the working loads and

maximum force loads of the coupling shell, under single uniaxial stretching and under cyclic
stretching. Several elements were tested in the RTU laboratory. Then, during the trial, the optimal
shape and dimensions of the coupling fragments were determined, fhe data is shown in Table 3.8.

Table 3.8
Measurements of Coupling Samples
Thickness at | Thickness | Thickness at | Thickness
base, of'the the point in of the
Coupling samples mm upper part, | disintegration | upper part,
mm place, mm
mm
Sample group 1, Fragments 1 and 6542 105+ 1 2042 15541
?ar6nple group 2, Fragments 2; 3; 6742 96+ 2 1942 15+1
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3.8. Results of tests on sample coupling shells

The nature of deformation changes for coupling fragments 2 and 5 from the first and second
groups under cyclic loading is shown in Table 3.9.

Table 3.9.
Sequence of Loading of Fragments of the Coupling Shell
Load characteristics Number of load Loading speed,
cycles, pcs mm/s
Operating loads 10 0.4
Sudden loads (until breaking) 20 0.8

Elongation from cyclic operational and sudden loading

Force, N

Deformation L, mm.

-10-360 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Fig. 3.5. Deformation graph of Fragments 2 and 5, depending on operational and sudden cyclic
loads.

Cyclic load results show that when deforming the coupling shell fragment up to 25 mm, which
is the critical value in operation, the force value reaches approximately 1500 N. For further
deformation of the coupling shell fragment up to 80-90 mm, the effect of strengthening the material
of the coupling shell is observed, so that with each new loading the load increases non-linearly and
reaches 7500 N at a maximum deformation of 90 mm.

A comparison of the results of the one-way stretching test of coupling Fragments 1 and 4 at
one-time stretching (R = 0.9991) and coupling Fragments 2 and 5 at operation and extreme cyclic
loads (R? = 0.9995) until disintegration are shown in Fig. 3.6.
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Fig. 3.6. Comparison of unilateral tensile test results.

According to the test results of the coupling fragments, the elastic moduli were calculated. At

one-time stretching of Fragments 1 and 4, the calculated modulus of elasticity is 14 MPa. At cyclic
operating loads of coupling Fragment 2, the calculated modulus of elasticity is 10 MPa.

3.9. SolidWorks program for creating a calculation model

In order to create a numerical model of the coupling material, a comparative analysis of the

results of several tests was carried out.

Based on the obtained results, the evaluation of the mechanical properties of the rubber

samples of the surface layer was done and the results for the coupling shell fragments under single
stretching and cyclic stretching loads were calculated. Calculation data is shown in Tables 3.10—

Table 3.10
Average Result of One-time Stretching of Coupling Fragments 1 and 4
Limit of Modulus of | Strength Yield Breakdown
proportionality, elasticity, limit, strength, stress,
MPa MPa MPa MPa MPa
G022 E Ob Gy Fracture
0.98 14.73 10.86 2.38 10.13
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Cyclic loading of fragments No. 2 and No.

Limit of Modulus of | Strength Yield Breakdown
proportionality, elasticity, limit, strength, stress,
MPa MPa MPa MPa MPa
Go.2 E Gb Oy Fracture
0.102 15.24 4.87 0.50 3.88

According to the calculated material characteristics, a material calculation model from the
coupling shell fragments was developed in the SolidWorks calculation program.

3.10. Modeling a fragment of the rubber-cord shell of the coupling

Next, the calculation model of the fragment of the coupling shell were developed, (Fig. 3.7).
Variant calculations of coupling shell fragment were performed using various methods of material
modeling and for various strains.

Fig. 3.7. Shell fragment model with a stretch area of 100 mm.

A complete model of a shell fragment with a zone from 100 mm to 220 mm subject to tension
during testing and a modified calculation model of the shell for testing material models are shown
in Fig 3.8.

Fig. 3.8. Shell fragment model with a stretch area of 220 mm.

33



¢ Superelastic material modeling using the Mooney—Rivlin method

SZIN/mmA2 (MPz

E=IPlot Step: 13]
Fig. 3.9. Stretch pattern of superelastic material:
a—a 220 mm model at 135.9 mm extension; b —a 100 mm model at 135.9 mm extension.

The stress distribution on the vertical edge of the fragment of the superelastic material model
according to the Mooney—Rivlin method is shown in Fig. 3.10.

von Mises (N/mm»2 (

Plot type: Nonlinear nodal stress Stress2

1,60

140

1,20

von Mises (Nfmm”"2 (MPa))

1,00
0,00 0,20 0,40 0,60 0,80 1,0

Parametric Distance
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Fig. 3.10. Edge response from the anchorage to the mid-section of the 100 mm long
fragment.
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* Superelastic material modeling using the Blatz method

ST IN/mm A2 (P
[
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L)

Fig. 3.11. Calculation of a 110 mm fragment for stretching to 66.06 mm.

The stress distribution on the vertical edge of the fragment of the superelastic material model

according to the Blatz method is shown in Fig. 3.12.
SZ{N/mm*2 {MPa))

518

4,87

6’[}[} T I e
5,001
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Fig. 3.12. The tension distribution from the fastening point to the middle part of the fragment
is 100 mm.
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* Superelastic material modeling using nonlinear elastic method (NLE)
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Fig. 3.13. Stress distribution according to the nonlinear elastic material model:
a — model length is 220 mm; b — model length is 100 mm.
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Fig. 3.14. Node response of the nonlinear model (sample length 220 mm).

It has been established that the Blatz method does not reflect the results of the experiments
after reaching a 130-140 % deformation. Thus, for small deformations of the coupling shell, we
can use both methods with appropriate material adjustment, but for deformations greater than
130 %, the Mooney—Rivlin method is used. For large deformations according to the Mooney—
Rivlin method, it is necessary to add a third constant to the material model. Also, the diagrams of
the two material models are different. Using the Blatz method, the deformation zone is expressed
by the formation of a neck at the place of further disintegration of the shell fragment during

stretching (Fig. 3.11).
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Fig. 3.15. Results of modeling the stretching of fragments of the coupling shell by various
methods: 1 — ultimate strength (10.86 MPa); 2 — modulus of elasticity 14.73 MPa; 3 —
experimental results — single stretching to rupture; 3" — results using the Mooney—Rivlin method
for two constants; 3.1" — results using the Blatz method; 3.2" — results using the nonlinear elastic
method; 4 — results of the experiment — cyclic tension to failure; 4" — results using the Mooney—
Rivlin method in two constants by modifying the mesh of the model and the dimensions of the
finite elements.

e Evaluation of material modeling methods

The Mooney—Rivlin method is more labour-intensive in modeling, but faster in SolidWorks
calculations (average calculations take 15-20 min), and calculations are performed with
satisfactory accuracy. The most accurate is the non-linear elastic method up to 20 mm tension, but
after this value, the accuracy decreases, and the increase with this method takes about 6 times more
time (more than 1.5 hours on average) than the Mooney—Rivlin method. The Blatz method shows
sample thinning, and the accuracy of this type of sample turned out to be unsatisfactory (did not
show accuracy for this type of task).

Next, the full rubber-cord coupling shell model can be modeled using the Mooney—Rivlin
method (Fig. 3.15).

3.11. Full model modeling of rubber-cord coupling shell

The essence of the method is to divide the sector, in which the parameter we are interested in
changes according to a complex law, into many sub-sectors interconnected at contact points. Due
to the large deformation in the attachment area and the applied load, we remove the mesh
thickening of the final elements. Considering the surface curvature of the coupling shell model, an

oriented mesh was used for calculations (Fig. 3.16).
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Fig. 3.16. Friction-free coupling cut.

When torque is applied to the coupling, at the point where the coupling is attached to the
flanges, the coupling is elongated as a result of centrifugal force. Diagrams of the 2D model of

stress and displacement along the X-axis from disk compression and rpm are shown in Figs. 3.17—
3.19.
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Fig. 3.17. Coupling tension and extension at 64 rpm (5 km/h):
a — elemental stress along the X-axis; b — equivalent displacement along the X-axis.
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Fig. 3.18. Coupling tension and extension at 1521 rpm (100 kmv/h):
a — elemental stress along the X-axis; b — equivalent displacement along the X-axis.
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Fig. 3.19. Coupling tension and extension at 1825 rpm (design speed 120 kmv/h):
a — elemental stress along the X-axis; b — equivalent displacement along the X-axis.
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Fig. 3.20. Distribution of stresses on the surface of the coupling shell at idle:
a— 1521 rpm (100 km/h); b — 1673 rpm (110 km/h); ¢ — 1825 rpm (120 km/h).

It was found that at a rotation speed of 1521 rpm (100 km/h) the stresses act only on the outer
surface, but with an increase to 1673 rpm (110 km/h) and 1825 rpm (120 km/h) the stresses spread
across the entire cross-section of the coupling.

3.12. Calculation results of radial, axial and angular deviations acting
on the rubber-cord coupling

With the help of the developed calculation models, the state of the coupling stress was studied,
which is affected by the following loads:
« radial;
« axial;

* angular.
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Evaluating the effect of radial, axial and angular loads at a speed of 130 rpm (10 km/h), it was
found that the main effect on the coupling is transferred during acceleration, since the greatest
torque is exerted during this time. The effect of radial load and torque on the coupling with a
maximum radial deviation of 15 mm is shown in Fig. 3.21.

Fig. 3.21. Effect of radial load on coupling:
a — equivalent stresses; b — equivalent displacement; ¢ — equivalent strain.

The effects of torque and radial displacement loads are unevenly distributed across the cross-
section of the coupling and reach a maximum at the location of the coupling failure next to the
clamping disc. The maximum stress value from the radial deviation at the coupling attachment
point is 1.80 MPa, and the maximum displacement from the radial load in this case amounts to
19.67 mm.

Evaluating the influence of angular loads and torque, it was found that the main influence on
the coupling is transmitted by significant deviations of the shaft inclination angles — 4 mm. The
maximum stress value from the angular deviation at the attachment point of the coupling is
0.31 MPa. In this case stress are asymmetrically distributed in the walls of the clutch housing and
change their sign with each revolution of the couplig. The type of coupling deformation from
angular loads is shown in Fig 3.22.

Fig. 3.22. Effect of angular load on coupling:
a — equivalent stresses; b — equivalent displacement; ¢ — equivalent strain.

The action of the torque at a speed of 130 rpm (10 km/h) with an axial deviation of 20 mm is
shown in Fig 3.23.
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Fig. 3.23. Effect of axial load on the coupling:
a — equivalent stresses; b — equivalent displacement; ¢ — equivalent strain.

Thus, as a result of modeling with an axial deviation of 20 mm, the maximum stress value is
1.10 MPa, and the maximum displacement (stretching) from the axial load in this case is 94.70 mm.
During the radial, axial and angular deviation of the shafts, it was found that the places of damage
caused by the coupling inclination angles, which appear in the simulation process, coincide with
the places of damage found during operation.

3.13. Frequency analysis of rubber-cord coupling

A summary table of resonance frequencies with the largest coupling mass contribution is

shown in Table 3.12.
Table 3.12

Summarized Self-frequency Results

Self-oscillation Coupling mass participation coefficients by axles
Trial No. frequency, X v 7
Hz
1 54.87 0.5719 1.28x10°° 8.34x107°
2 56.27 0.0194 2.66x10° 3.23x10°6
3 56.37 0.0260 1.97x10°8 5.89x10”7
11 88.25 1.82x10°® 0.0533 0.3882
12 88.36 2.14x107° 0.3881 0.0532
22 126.05 4.85x1077 0.0511 0.0028
23 126.22 1.89x1077 0.0048 0.0484

These fluctuating masses represent a portion of the energy that acts on the coupling shell and
can cause its damage.

As can be seen in Fig. 3.24, the first and main form of oscillation at 54.87 Hz with the largest
part of the mass of the coupling 57.19 % loads the side wall of the coupling shell in the axial
direction. The loaded zone coincides with the coupling failure zone during operation.
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Fig. 3.24. Coupling oscillations along the X-axis with a frequency of 54.87 Hz.

As can be seen in Figs. 3.25 and 3.26.), the shape of the oscillation at the frequencies of
88.25 Hz and 88.36 Hz with the largest part of the mass of the coupling, 38.82 % and 38.81 %,
respectively, directed in the radial, horizontal and vertical directions, stretches the upper surface
and the side wall of the coupling shell in the radial direction. During operation, the stressed areas

partially coincide with the area of coupling damage.

Fig. 3.25. Coupling vibrations along the Y-axis with a frequency of 88.25 Hz.

Fig. 3.26. Coupling vibrations along the Z-axis with a frequency of 88.36 Hz.

At resonance frequencies of 56.37 Hz, 56.27 Hz, 126.05 Hz, and 126.22 Hz, no more than 5 %
of the mass of the rubber-cord coupling participates and its contribution does not affect the

oscillations.
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3.14. A review of the nature and cause of rubber-cord coupling fastening bolt
fractures

The bolts used for fastening the rubber-cord coupling in rolling stock and especially in electric
trains are repeatedly exposed to periodically changing loads over time and subjected to impulse,
high-frequency, periodic and non-periodic, as well as variable amplitude and impact loads. As a
result of exposure to repeated variable shock loads, the strength of the bolt material decreases and
M24 rubber-cord coupling bolts may be prone to disintegration [13]-[17]. Examples of the
breakage of M24 rubber-cord coupling bolts are shown in Fig. 3.27.

Fig. 3.27. Rubber-cord coupling degradation patterns:
a — fracture of the Ist bolt; b — two bolt fractures; ¢ — three bolt fractures.

Under exposure to significant fluctuating and shock and impact loads, the hardening capacity
of the material is exhausted, and the bolt material may be subjected to fatigue loads, resulting in
periodic spalling of the top surface layer [15]-[16].

Due to many failures of M24 bolts for fastening the rubber-cord coupling, as well as the high
safety requirements for fastening bolts, there is an acute question of investigating the causes of the
type and nature of the bolt failure, as well as compliance of bolts with the requirements of ISO 898-
1:2013 [6] and EN 10083-3:2007-01 [2] standards.

3.15. Determining the ways of disintegration of M24 bolts for the rubber-cord
coupling fastening

The study of the causes of the disintegration of the M24 bolts of the rubber-cord coupling
fastening according to step 10 of the metodology was carried out in the RTU laboratory according
to the following directions:

e determining the type and nature of decay for three samples under static load;

e determining the type and nature of decay for three samples under cyclic loading;

e comparison of static and cyclic test data with the ISO 898-1:2013 standard;

e determining the impact viscosity at three different temperature ranges (—20 °C; 0 °C;
+20 °C), and comparing the obtained data with the ISO898-1:2013 standard.
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3.15.1. Determining the type and nature of decay under static loading

In order to determine the type and nature of the disintegration stress, static tests for breakage
of Samples 6, 7, and 8 of M24 bolts were performed in the RTU laboratory. The bolt samples were
taken from railcars with the following mileage data:

e Sample 1: mileage — 214 596 km;
e Sample 2: mileage — 105 764 km,;
e Sample 3: without mileage (zero mileage).

The tests were performed in the RTU laboratory using a Zwick/Roell Z600 electromechanical
testing machine with a load increase rate of 1 mm per minute.

3.15.2. Determining the type and nature of decay under cyclic loading

In order to determine the type and nature of the breakdown of M24 bolt, cyclic tests were
carried out on Samples 9, 10, and 11 (stretching and unloading — 10 tests; stretching the sample to
failure — 11 tests) considering three different mileage ranges:

e Sample 4: mileage — 22 543 km;

e Sample 5: mileage — 155 365 km;

e Sample 6: mileage — 210 298 km.

Cyclic tests were performed in the RTU laboratory using a Zwick/Roell Z60010
electromechanical testing machine with progressive loading and unloading. Load levels: 25 k N;
S0k N; 75k N 100k N; 125k N; 150 k N; 175 k N; 200 k N; 225 k N; 250 k N. destruction. The
speed of increasing the load is 7 mm per minute.

3.15.3. Determining the type and nature of decay during impact testing of M24 bolts

For this purpose, it was proposed to conduct a test on bolt Samples 7, 8, and 9 for impact
resistance with similar mileage data (85 thousand km) in three different temperature ranges (—
20 °C; 0 °C; +20 °C).

The data for determining the consumed energy and impact resistance data are shown in
Table 3.13.

Table 3.13
Determining the Sample Parameters at Different Temperatures
Sample parameters Sample No.
12 13 14
Test temperature ¢, °C +20 0 -20
Potential energy 4, J 450 450 450
* Absorbed energy 4;, J 54.3 39.1 21.7
Conditional impact resistance ax, J/mm’ 67.9 48.7 26.9

* According to ISO 898-1:2013 requirements absorbed energy — min 27/, for full profile test
sample.
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3.16. Examining M24 bolts for compliance with ISO 898-1:2013 EN 10083-
3:2007-01

To determine the causes of bolt disintegration, check the compliance of the samples with the
requirements of ISO 898-1:2013 [2] and EN 10083-3:2007-01 [2] standards for 4Cr41 grade steel.
Broken bolt Samples 10, 11, ; No,12; No.13 which were dismantled from ER2 and ER2T series
motor cars were chosen as research objects;, as well as one sample No.14. of a new bolt. The
research was carried out in the laboratory of the Riga Technical University in the following
directions:

« determination of hardness;
* chemical composition analysis;

The obtained data have been approved by the independent laboratory "KIWA" Inspecta.

The data on the mileage and the operating time of the bolts in the cars are shown in
(Table 3.13.).

Table 3.13
Data on the Performance of Bolts
Sample Car No. TR-3 repair Date of Op crating Mileage,
completion . time,
No. arrival km
date days
1 1342-02 12.12.2019 29.06.2020 201 59 348
2 3034-06 23.05.2020 30.10.2020 160 64 078
3 7117-04 20.11.2020 02.01.2021 43 17 124
4 7113-06 20.04.2020 03.06.2021 408 114 400
5 new bolt - - - -

e Determining the hardness

In the laboratory of Riga Technical University, steel hardness was tested according to the
Brinell scale (HB) [18] using the MIC 10 device [11]. In order to obtain greater accuracy of the
experiment, measurements were made at 5 points along the entire cross-section of the samples.

The dependence of the hardness HB on the mileage of the bolts is shown in Fig. 3.28.
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Fig. 3.28. Dependence of hardness of the coupling bolts on mileage.
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According to the results in the graph, we can see that the hardness of the coupling bolts
increases with increasing mileage, i.e. the material of the bolts becomes stronger.
e Chemical composition analysis
According to the analysis results of chemical composition of steel, it was found that:
o steel grade of Sample 10 — not determined;
e steel grade of Sample 11 — 34Cr4;
e steel grade of Sample 12 — not determined;
e steel grade of Sample 13 — not determined;
» steel grade of Sample 14 — 34Cr4.
During the investigation of the chemical composition of the steel, the following inconsistencies
with the requirements of standard EN 10083-3:2007-01[2] were discovered.
The carbon (C) content in four samples is less than the norm and amounts to:
e in Sample 2 — 0.366 %;
e in Sample 3 - 0.261 %;
e in Sample 4 — 0.316 %;
e in Sample 5 — 0.322 %;
e however, in Sample 1, the carbon content exceeds the norm and is 0.505 %.

On the other hand, according to the requirements of the EN 10083-3:2007-01 [2] standard, the
carbon content of the steel grade 4Cr41 should be within 0.38-0.45 %. As the amount of carbon in
the steel decreases, its plasticity improves and rigidity (impact resistance) increases. As the carbon
content in the steel increases, the hardness, strength and rigidity of the steel increases, the yield
strength o; and tensile strength o, also increase, but at the same time plasticity and impact resistance
decrease, and machinability and weldability also deteriorate [23]-[24].

Harmful impurities of phosphorus and sulphur were found in the material of the bolts during
the research process. The percentage of phosphorus (P) in Sample 1 was 0.125 %, in Sample 2 —
0.0050 %, in Sample 3 — 0.0813 %, in Sample 4 — 0.0898 %, and in Sample 5 — 0.0671 %. In four
samples, the phosphorus content significantly exceeds the norms set by the EN 10083-3:2007-01
[2] standard, which should be less than 0.025 %.

3.17. Metallographic analysis of the bolt samples

To confirm the presence of defects in the microstructure, Samples 10 and 11 were subjected
to metallographic analysis. Based on the results of the research, the presence of impurities and
cracks was found in the metallographic structure of the bolts. The metallographic structure of M24
bolts is shown in Figs. 3.29 and 3.30.
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Fig. 3.29. Microstructure of bolt Sample 10, magnification: a — x 50; b — x 200.

Fig. 3.30. Microstructure of bolt Sample 11, magnification: a — x 50; b — x 200.

Metallographic analysis revealed a large number of non-metallic impurities in all samples. As
the bolt's life (mileage) increases, the impurities increase in number and size, later causing
fractures.

In Latvian railways, the rubber-cord coupling fastening bolts were subjected to shock loads
under operating conditions. When studying the microstructure of the bolts, it was found that there
is a gradual accumulation of defects resulting from the action of the impact load. In order to control
the magnitude of the impact load, a device has been developed that records the magnitude of the
impact load in operation.

3.18. Design of impact and vibration force control devices for bolted fasteners

The purpose of the invention is to create a device for controlling the impact and vibration force
of bolt fastenings, which would make it possible to constantly accumulate and analyze data on the
impact force received by the bolts during the operation of the vehicle in order to reduce the number
of unplanned repairs of rolling stock of railway transport or vehicles of other industries due to its
damage, as well as to reduce the number of accidents [14]. The block diagram of the invented
devices is shown in Fig. 3.31.
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Fig. 3.31. Block diagram of the invented device:
1 — vibration sensor; 2 shock sensor; 3 — microcontroller; 4 memory module; 5 data
transmission unit; 6 — power supply unit.

The purpose of the invention is achieved as follows: the device for controlling the impact and
vibration force of bolt fasteners consists of a housing, inside which the following elements are
installed: a vibration sensor (4) and an impact sensor (5), a microcontroller (6), a data transmission
unit (7) and a power supply unit (8). A piezo-accelerometer can be used as a vibration sensor (4)
and shock sensor (5) — sensors that convert the value of vibration or shock force into an electronic
signal [12]-[9].

Putting the invented device into operation will allow obtaining objective data on the impact
force and vibration loads on the bolts. Accumulating information and processing it regularly can
prevent damage to rubber-cord coupling bolts and, accordingly, reduce the number of unplanned
repairs of electric trains. The invention can be used in any type of railway rolling stock, as well as
metro cars. The invented device can be used in mechanical engineering, shipbuilding and other
industries to control the defect of sleepers, deviations of shafts, the condition of gear transmissions
and other structures on which the fixing bolts are subjected to deformation forces. If during
processing the information received from the device of the invention during technical maintenance
(or restoration repair) it is found that the allowable loads have been exceeded many times, then the
bolts must be replaced with new ones. Thus, the need to perform unplanned repairs due to bolt
damage, which are associated with large financial costs for the company, is avoided [3]-[4].

3.19. Testing of the shock vibration device

In order to do this, it was necessary to determine the impact force F, which is received by the
bolts when the moror car crosses the rail joints. The impact force F, which is absorbed by the bolts
of the rubber-cord coupling, is determined according to Formula (3.4). To determine it, it is
necessary to determine the acceleration with which the motor car crosses the rail joint. For this
purpose, we use the empirical Formula (3.5).

F=w,q, (3.4)
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where q is half the mass of the wheelset, t, and w, is the acceleration with which a car crosses a
rail joint, m/s?.

4 3.5)
wr =2+ 013 —]"9,

V(2q)?

where V is the car speed, km/h; q is half the mass of the wheelset, kg; and g is acceleration of free
fall, 9.81 m/s’.

The data of acceleration and impact force calculations are presented in Table 3.15.

Table 3.15
Acceleration and Impact Load Calculation Data

Acceleration of
C;’r ksrl;e;;d the whee12se tw, Impact IIzlower F,
m/s
20 28.122 42 183
40 36.624 54 936
60 45.126 67 689
80 53.628 80 442
100 62.13 93195
120 70.632 105 948

Next, in order to determine the impact load, crushing load tests of rubber-cord coupling
fastening bolts were conducted at the State Joint Stock Company “Latvijas dzelzcel$” that operates
the electric train, using the developed impact vibration device, with different, close to the calculated
impact force F data. The trial data is shown in Table 3.16.

Table 3.16
Testing the Impact Vibration Device on the Bench
. . Quantity of .
. Quantity of The impact Impact level size,

Trial No. bolts, pcs force F, N bi?c‘:s’ cond. units.
1 16 20 000 1000 305-317
2 16 40 000 730 329-338
3 16 60 000 467 354-362
4 16 80 000 354 383-395
5 16 100 000 136 418-430

Analyzing bolt impact test data, it was found that with an impact force equal to:

e 20000 N (2 tons) — bolts do not break;
e 40 000 N (4 tons) — after the 730th impact, one bolt broke;
e 60 000 N (6 tons) — after the 467th impact, one bolt disintegrated, but after 500 hits the
second bolt was found to have disintegrated during the inspection of the bolts;
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e 80 000 N (8 tons) — after the 354th impact, one bolt disintegrated, but after 360 impacts,
the disintegration of the second bolt was found during the inspection of the bolts;

e 100 000 N (10 tons) — after the 136th impact, it was found that two bolts were subject to
disintegration at once, after testing of 150 impacts, it was found that disintegration took
place in two more bolts, which are critical in operation.

Metallographic analysis of bolts subjected to impact loads of 20 000 N and 100 000 N is shown
in Figs. 3.32 and 3.33.

Fig. 3.32. Metallographic analysis after 360 impacts with a force of 20 000 N, magnification —
x 200:
a— Sample 15; b — Sample 16.

a b
Fig. 3.33. Metallographic analysis after 360 impacts with a force of 100 000 N, magnification —
x 200:
a— Sample 17; b— Sample 18.

Metallographic analysis confirmed the formation of critical defects and cracks in the
microstructure at different values of the impact load, which caused the bolt to disintegrate.

To check the shock vibration load received by the rubber-cord coupling bolts, a shock
vibration device was installed on the rubber-cord coupling flange. The installation location of the
device is shown in Fig. 3.34. The operation test of the shock vibration device was performed on
electric train motor car No.7118 10 starting from 15.03.2023. The results obtained from the impact
vibration device are shown in Fig. 3.35.
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Fig. 3.34. Placement of shock vibration device:
1 — impact vibration device; 2 — rubber cord coupling; 3 — fastening bolt.
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Fig. 3.35. Shock vibration load graph for one working day.

Figure 3.35 shows the shock vibration load level of car No.7118-10 for a working day. The
determined amount of hits of more than 300 cond. units consists of 3 cases. The mileage of the car
is 486 km.

Once a month, when the motor car reached 10-15 thousand km mileage, one bolt was
dismantled for metallographic analysis. The data of the study of the performance of bolts using an
impact vibration device are shown in Table. 3.17.

Table 3.17
Impact Load Determining
M24 bolt performance indicators
Sample No. Mileage, Readings of the vibration force control device, cond. units
km 300-330 331-360 361-390 391-420
21 12 682 52 14 3 0
22 25 632 116 21 4 2
23 38 850 187 33 5 3
24 52512 236 42 8 3
25 65 748 287 50 12 4
26 79 906 314 61 15 5
Critical 264 000 700 250 150 40
level
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During the monitoring, the maximum impact vibration level of the impact load was 396

conditional units.
The results of metallographic analysis of bolt Samples 21 and 26 are shown in Figs. 3.36 and 3.37,

magnification — x 100.

Fig. 3.36. Metallographic analysis of bolt Sample 21, mileage 12 882 km.
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Fig. 3.37. Metallographic analysis of bolt Sample 26, mileage 79 906 km.

The results of the metallographic analysis showed the gradual formation of defects in the

microstructure.

3.20. The economic effect of the implementation of the methodology
and the introduction of impact vibration devices into operation

The implementation of the methodology into operation will give the following results — there
will be no costs for unplanned repairs, but the human factor must be taken into account. The costs
will be related only to the implementation of the impact vibration device and methodology into

operation. Data on unplanned repair costs are given in Table 3.18 [13].
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Table 3.18

The Costs of Unplanned Repairs

1st unplanned Unplanned Introduction of
The name of the P p impact vibration
unplanned repair repar, repairs for 10 devices into
EUR years, EUR operation, EUR
Replacing the
rubber-cord 429 103 895
coupling bolts 15 000
Replacing the
rubber-cord coupling 373 >8 842

According to the result data (Table 3.18), the costs for the installation of the impact vibration
device and the implementation of the methodology will pay off within 2 years.

CONCLUSIONS

Summarizing the work results and based on them, the following conclusions can be drawn.

1. Statistical data on the failures of rubber-cord couplings and their fastening bolts during
the period from 2012 to 2021 was studied in detail. The number of failures of rubber cord
couplings was 101, and the number of failures of their fastening bolts — 298. Also, in the
Doctoral Thesis, an evaluation of the failures of couplings and bolts by season was carried
out, and it was found that the largest number of failures is attributable to the winter period:

* the number of failures of rubber-cord couplings is more than 41 %,

* the number of failures of rubber-cord coupling fastening bolts is more than 43 %.

2. During the research of the rubber-cord coupling and their fastening bolts, in accordance
with the developed methodology and during their approval, the following results were
obtained:

+ After a visual inspection, it was found that 95 % of the damage to the rubber-cord
couplings is the destruction of the side surfaces, which are located 10-20 mm away
from the place where the coupling is attached to the flanges.

* After measuring the temperature of the rubber cord couplings in the conditions of Latvian
railways, it was found that the condition for the coupling not to heat up more than
+75 °C is observed in 100 % of cases, in accordance with the requirements of standard
ISO 14691:2008.

* According to the results of measuring the geometric dimensions of rubber-cord
couplings, it was found that the outer diameter D of 6 % rubber-cord couplings does
not meet the requirements of the ISO 14691:2008 standard; therefore it was proposed
to replace the rubber-cord couplings with non-compliant outer diameter with new ones.
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* According to measurements of the hardness of rubber-cord couplings, it has been

experimentally proven that at temperature ranges:
» —20°C to 0°C — 88 % of couplings do not meet the requirements of standard
ISO 14691:2008, exceeding the standard data by 11.4—4.2 conditional units;
» +5°Cto+10 °C — 52 % of couplings do not meet the requirements of standard ISO
14691:2008, exceeding the standard data by 9.2 conditional units;
» +15 °C to +20 °C — 20% of couplings are non-compliant with the requirements of
standard ISO 14691:2008, exceeding the standard data by 4.8 conditional units.
According to the hardness measurement results, it is recommended to replace one of the four
rubber-cord coupling due to non-compliance with ISO 14691:2008 standard requirements at
different temperature ranges.
Concerning the other non-compliances of rubber-cord couplings with the requirements of the
1SO 14691:2008 standard, a recommendation is made to the manufacturer.

* Based on the experiments carried out in the Thesis, it was proved that the failures of the
rubber-cord coupling fastening bolts are related to the crushing processes from metal
fatigue due to accumulation of defects in the microstructure, which is also confirmed
by the metallographic analysis of the crushing diagrams of new bolts without defects
in the microstructure and bolts with mileage and the presence of defects in the
microstructure.

» According to the results of microstructure studies using metallographic analysis, the
amount of microstructure defect formation in bolts was found, which increases with
the increase of bolt operation time (mileage).

» The reliability and accuracy of the obtained bolt results are confirmed in the certified
testing laboratory KIWA JSC “Inspecta Latvia”.
3. After creating the calculation model in the SolidWorks program, using selected Mooney—

Rivlin elastomeric material models, the following results were obtained:

* By modeling the maximum axial, radial and angular deflection data, it was found that
the total stress action from axial, radial and angular deflections under cyclic loading is
dangerous for couplings and can cause lateral surface disintegration, as it reaches
3.21 MPa, which is more than 60 % of the strength limit oy (4.87 MPa), which causes
disintegration of the side surface under cyclic loading.

* When modeling different ranges of angular velocities, it was found that at 1670 rpm,

which corresponds to more than 110 km/h, the stress at the coupling attachment place of

to the flanges more than 2 times exceeds the strength limit 6, under cyclic loading and
begins to spread throughout the coupling cross section.

» While studying the influence of the first 40 resonance frequencies in the SolidWorks
finite element modeling program, the tension zones of the rubber-cord coupling were
determined, and it was found that due to the critical frequencies of resonance the X-,
Y-, and Z-axes experience coupling oscillations involving a certain amount of coupling
mass. The most dangerous resonance frequencies are along the X-axis, when more than
57 % of the coupling mass participates in the oscillations. At this frequency, the

coupling zones are subject to deformation, and they coincide with the damage zones
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5.

10.

11.

that are detected in operation. To reduce the risk of damage to the coupling shell, it is
necessary to prevent long-term operation of the coupling at the calculated critical
frequencies — 54.87 Hz, 88.25 Hz, and 88.36 Hz.
* Modeling results in the SolidWorks program confirmed that at high torque and axial,
radial or angular deviation, as well as at high rotation frequency, the most stressed area
of the coupling is its side surface near the outer diameter disc attachment point.
In order to reduce the number of bolt failures, a shock vibration load monitoring device
was developed, which was tested on rolling stock, and using this device shock vibration
load level data were obtained in real operating conditions.

* By studying the data obtained by the impact vibration device, the critical value of the
impact load was determined, at which it was recommended to replace the fastening
bolts of the rubber-cord coupling. The results were also confirmed by metallographic
analysis when microcracks and a large number of microstructure defects were detected.
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