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Abstract. Failure of fasteners can lead to undesirable consequences. Fatigue failure of machine
parts is difficult to predict and prevent. Vehicles and agricultural machinery include various
systems such as engine, transmission, and many other systems that are fixed and connected using
fasteners. Without a doubt, the performance of an individual system depends on the design of its
kernel. But for the system to work, it must be properly fixed. Premature failure of bolts is subject
of interest of engineers.

The purpose of this study is to identify the causes of the failure of the fixing bolts and develop
device and algorithm for early detection of conditions that might lead to bolt failure. The
experimental data is collected analysing bolts and elastic couplings of electric passenger trains.
Laboratory studies included the measurement of tensile strength, hardness, microanalysis of the
metal structure and chemical analysis of failed old and new bolts. The authors present various
visual and numerical results from this study. It also provides detailed conclusions about the causes
of failure and recommendations for the selection of bolts for critical mechanical connections
under dynamic loads and variable temperatures.

The authors have developed a device that can be used in mechanical engineering, shipbuilding
and other industries to control the deformation, vibration and shocks acting on a bolted joint. This
device for monitoring the load and vibrations of bolted connections allows to constantly collect
and analyse data during the operation of the vehicle in order to reduce the number of unscheduled
repairs of vehicles due to its damage, as well as to reduce the number of accidents or other
incidents. The authors also have developed a method and algorithm for calculating and evaluating
the influence of external factors on the shell of a rubber-cord coupling. The study is based on
statistical, material, and mathematical analysis of unexpected failures of rubber couplings.
A numerical analysis of the operating conditions of the couplings before failure was performed.
The results obtained are encouraging and prove that the use of an impact force measuring device
and real-time data analysis can be cost-effective and can eliminate the problem of bolt and elastic
coupling failure in one go, as well as reduce the cost of operating and repairing vehicles.

Key words: rubber cord coupling, fastening bolt, metal structure, chemical composition,
hardness, static stress.
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INTRODUCTION

In assembly structures, bolts are used as fastening elements to connect various parts
and elements, which, in turn, can be part of any mechanisms and devices. Bolts are
widely used in almost any production and the construction of almost all engineering
structures. Fastening bolt connections allow easily and quickly connect the parts of
assembly structures, in the construction of buildings, for connecting parts in cars,
airplanes, railway rolling stock, pipelines, for fastening various structures, in the assembly
of complex machines and equipment used in industry, as well as in everyday life.

On the other hand, the bolts that are used to fasten various structures and aggregates
of the railway rolling stock work in quite severe conditions. So, when working on
railway rolling stock, the fastening bolts are subjected to static, dynamic, as well as
impact loads, and as a result of the action of impact loads, the strength capacity of the
bolt material is exhausted over time. During the further actions of shock loads,
microcracks gradually occur and develop in the bolts, and finally grow into cracks. They
become stress concentrators and, due to the increasing weakening of the cross-section of
the bolts, microcracks and cracks increase, and the bolts become the site of final fracture
of the rubber cord coupling attachment. Rubber cord couplings operate under dynamic
load conditions with high force and vibration loads, which can cause system resonance.

In order to reduce the failure rate of the rubber cord coupling mounting bolts, a
solution to the failure problem of the M24 bolts must be found. For these purposes, it is
proposed to create a device that allows you to monitor the impact force received by the
rubber cord coupling bolts, and with the introduction of this device into operation, to
achieve a reduction in the number of failures during the inter-repair period.

Many international scientific researchers dealt with the problems of researching the
destruction of bolts.

In the scientific work (Grigorenko et al., 2014), the reasons for the destruction of
M14 bolts made of steel 30XI'CA with a protective cadmium coating were investigated.
The chemical and phase compositions, microstructure and fractures were studied to
establish the causes of the destruction of bolts made of 30XI'CA steel. As a result of the
analysis, the reasons for the destruction of the bolts were determined and
recommendations were given for their elimination.

The paper also considers medium-carbon structural steels showing propensity to
the delayed destruction at static loadings below yield point in conditions of cyclic (daily
and seasonal) temperature changes.

In the scientific work (Grigorenko et al., 2018) various types of fractures of
30XTI'CA steel samples with zinc-based coatings are considered, and also operational
fractures of 30XI'CA steel fasteners are analyzed, the reasons of workability loss of
destroyed parts are established, the mechanisms of fatigue and grain boundary brittle
fracture of 30XT'CA steel samples are studied by raster electronic microscopy methods.
The carried out researches of parts made of 30XIT'CA steel allowed to allocate the basic
reasons of the destruction of fasteners during operation. The majority of cases of details
destruction is connected with the development of fatigue cracks formed due to the
presence of scratches on the surface from machining, dents or embedded particles from
sandblasting, as well as friction during operation. On the basis of the conducted
researches recommendations on elimination of factors contributing to fracture of
30XTI'CA steel samples are given.
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The paper (Sapalov & Panfjerova, 2016) analyzes the measurement results of
high-strength bolts strength properties with a portable hardness tester used during
inspection of structures with the results obtained using a stationary hardness tester.

The researches of properties of high-strength bolts by means of various testing
methods confirmed the admissibility and correctness of their strength properties
determination in the process of structures examination by portable hardness tester
provided that the device is preliminary corrected on comparative results of direct and
indirect values.

The scientific paper (Sirokih, 2005) describes the experiment and its subsequent
repetition in numerical simulation. The experiment consisted in stretching the friction
connection of plates with different arrangement of bolts in the cross-section. Based on
the results of the experiments stress distribution plots were obtained in the plate, near
the holes and directly in the places of the weakened section, were obtained. a numerical
model was created, boundary conditions are assigned, and a load was applied.
Experiment and numerical simulation showed good convergence of experimental and
calculated results. In conclusion, the author gives recommendations on the design of
friction joints in the calculation systems.

In the paper (Zhang et al., 2021) is made an attempt to describe the decline in
fatigue life of an aluminum alloy structure containing bolted joints under the conjoint
influence of an aggressive aqueous environment and loading that is essentially cyclic in
nature. The method proposed in this study provides a convincing approach for reliable
estimation of life, or endurance, of an aluminum alloy structure containing joints.

The paper (Yingnan et al., 2020) proposes a cogging high-strength bolt composite
joint (C-HSB joint), and introduces its main components and assembly methods.

In the paper (Desai et al., 2021) authors have developed methodology to predict the
bolts loosening in dynamic condition using vibration data.

A lot of works are devoted to the rubber-cord couplings.

In the paper (Korneeva et al., 2016) the finite-element research of the intense
deformed condition of the highly elastic flat coupling at the shaft axial offset and small
twisting angles is presented.

In the paper (Evdokimov & Shikhnabieva, 2017) the results of experimental studies
of stress—strain behavior during hardening stages, as well as the stabilization and strength
degradation of the rubber-cord shells during the static loading mode have been given.

The paper (Vinogradov, 2016) gave the dynamic and static elastic characteristics
of couplings and drive containing the coupling with rubber-cord shells.

In the paper (Klimentyev et al., 2015) advantages of rubber as a construction
material are considered. Method of calculation such basic characteristics as the
geometric dimensions, static deflection, natural frequencies, stiffness, vibration isolation
and damping properties of rubber-cord cushions working under pressure is described.
Rubber-cord cushions most typical use as shock absorbers, antivibration mounts, flexible
couplings, flexible hoses and pipe work are presented.

The paper (Tribel’skii & Zubarev, 2008) a solution of the steady thermoelastic
problem is proposed, taking account of the dependence of the elastic and thermophysical
constants of the material on the temperature and strain.
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However, analyzing the research and methods of the authors listed above, no
answers were found to the following questions, how to predict the cause of failure of a
bolted connection and a rubber-cord coupling. An algorithm for early detection of
conditions that can lead to failure of these nodes is not explored. The articles did not
present detailed studies on bolted connections; issues such as the effect of hardness on a
bolted connection were not considered. Issues such as determining the chemical
composition of new and old bolts, the influence of loads, and temperature were not
considered. In the works discussed above, the factors that affect the operation of the
rubber-cord coupling were not considered; there was no numerical analysis. However,
premature failure of both the bolts and the rubber-cord coupling is an important factor
in any installation and is the subject of research. Analyzing the above articles, it can be
seen that the problems of failure, both of bolted connections, and the failure of the cord
coupling, took place separately.

The authors propose to consider a common assembly, a rubber-cord coupling and
its fastening bolts, and offer a technical solution that will allow to monitor the common
node during operation. This idea was not chosen by chance. This will be discussed
further.

Answer (1). In addition to standardised, generally accepted research methods, the
article proposes innovative approaches that will reduce the number of rubber-cord
couplings and its fastening bolts failures. This problem is solved by two new innovative
research methods using an impact vibration device:

1. Determination of the shock and vibration load to which the rubber-cord coupling
mounting bolts are exposed.

2. The influence of resonant frequencies on a rubber-cord coupling.

For example, on the Latvian Railway, a similar rubber-cord coupling is used on
rolling stock, in particular on electric trains. The collection of statistical data was carried
out. According to the data obtained, it was found that, the problem of wrinkling of the
rubber cord bolts in the period from 2015 to 2021 has become predominant for all EMU
trains. In the analysis of unscheduled repairs, the information of the Technical
Department of the railway company JSC ‘Pasazieru vilciens’ was used on the basis of
data on unscheduled repairs of EMU trains from which traction drive damage was
identified for the period from 2015 to 2021 (Summary of non-scheduled repairs of
electric trains..., 2021). Of the total number of unscheduled repairs, which amounted to
385 cases, the largest number of 180 cases was damage to the rubber-cord coupling bolts.
The destruction of the rubber-cord fastening bolts is on average more than 49% of the
total number of malfunctions in the traction gear. Failure of the rubber-cord coupling
bolts occurred in the range of mileage of motor cars from 1628 to 256,646 km. Failure
rate depends on a number of random factors and is actually a random variable.

Rubber cord couplings operate under dynamic load conditions with high force and
vibration loads. Bolts, which are used to fasten various structures and aggregates of
railway rolling stock, work in quite severe conditions. So, when working on the railway
rolling stock, static, dynamic, as well as shock loads are applied to the fastening bolts,
and as a result of the impact loads, the strength capacity of the bolt material is exhausted
over time (Evdokimov & Shikhnabieva, 2017).

The breaking of four bolts out of eight may cause the rupture of the rubber-cord
coupling and the ejection of the inner flange, which may cause damage to the track, the
part of the rolling stock of EMU trains (rolling gear), the mechanical equipment of the
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electric train or the car body. The disc of the inner flange can also get into the cabin
of the car through the viewing hatch, causing damage to the cabin and even injury to the
passengers, (Fig. 1).

This case took place on the
Latvian Railway, when during the
movement of an electric train, 5 bolts
securing a rubber-cord coupling broke.
As a result, the half-disk fastening the
rubber-cord coupling flew into the car
interior, breaking the protective grille
and piercing the inspection hatch of the
motor car (Fig. 1).

Operating experience in electric
train traction drives shows that using a
rubber cord coupling due to its
durability and reliability ascpect, these
elements (coupling and its fastening
bolts) are one of the weakest elements
in the electric train traction equipment.

In connection with this, the
problem of failures of rubber-cord
couplings and their fastening bolts Figure 1. Ejection of the flange of the rubber-cord
requires investigation of the causes of coupling in the passenger compartment.
failures.

The failure data of the rubber cord coupling and its fastening bolts for the period
from 2012 to 2021 are shown in (Fig. 2).

40
35

i

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
M rubber cord coupling failure 8 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
o (6,] o [6,] o w

Figure 2. ER2 and ER2T Rubber cord coupling and rubber cord coupling bolt failures.
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MATERIALS AND METHODS

To determine the causes of bolt disintegration, check the compliance of the samples
with the requirements of ISO 898-1:2013 and EN 10083-3:2007-01 standards for 4Cr41
grade steel was done. Bolt samples, which were dismantled from ER2 and ER2T series
motorcars, with numbers No. 1, No. 2, No. 3, No. 4 were chosen for research objects, as well
as one sample of a new bolt with No. 5.

The operating time of the car (number Table 1. Data on the performance of bolts
;)i’ él(i)l/sz and its mileage were taken into Iizz)r.nple Operating time days kMrrilleage,

The research was carried out in No. 1 201 59,348
the laboratory of the Riga Technical II:IIO. g igo ?‘7‘3(1);3
University in the following directions: 0 ’

.. No. 4 408 114,400
1. determination of hardness;
No. 5 new bolt - -

2. chemical composition analysis.
The data on the mileage and the service life of the bolts in the railcars are shown in
(Table 1).

Determination of hardness

In the laboratory of the Riga Technical University, steel hardness was tested
according to the Brinell scale (HB) (Taylor et al., 2021) using the device ‘MIC 10’
(Kuzu et al., 2021). 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 on the graph of (Fig. 3). 140,000
According to the results of the 120,000
graph, we can see that the hardness of £ 100,000
the coupling bolts increases with @ 80,000
increasing mileage, i.e. the material of g 60,000
the bolts became stronger. The term = 40,000
hardness of a metal is a characteristic 20,000
that describes its resistance to 0
destruction upon contact with a harder 2656 318.2 290 322 375.6
element. An increase in metal hardness Hardness, HB

is usually associated with an increase in

brlttl‘e'ness and a decrease in th? Figure 3. The hardness of the coupling bolts
ductility of the metal (Boguslavskij,  dependence on the mileage.

2016). This is explained by the fact that

the atoms introduced into it form a chemical bond with the metal atoms and this
significantly complicates the sliding of some planes of the densely packed structure of
the metal along other planes, which determines the malleability of pure metals. At the
same time, the presence of embedded atoms does not have a significant effect on the
electrical conductivity of metals. This means that the intervening atoms little change the
nature of the chemical bond between metal atoms (Slejbo, 2005). It can be assumed that
over time there is an increase in fragility and a decrease in ductility, resulting in its
fracture.
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Chemical composition analysis

According to the results of determining the chemical composition of steel, it was
found that:

steel grade of sample No. 1 — not determined;

steel grade of sample No. 2 — 34Cr4;

steel grade of sample No. 3 — not determined;

steel grade of sample No. 4 — not determined;

steel grade of sample No. 5 — 34Cr4.

During the investigation of the chemical composition of the steel, the following
inconsistencies with the requirements of the standard EN 10083-3:2007-01 were
discovered.

The carbon (C) content in four samples is less than the norm and amounts to:

for sample No. 2 — 0.366%;

for sample No. 3 — 0.261%;

for sample No. 4 —0.316%;

for sample No. 5 — 0.322%;

however, in sample No. 1, the carbon content exceeds the norm and is 0.505%.

According to the requirements of the EN 10083-3:2007-01 standard, the carbon
content in steel for the manufacture of bolts for fastening rubber-cord couplings must be
in the range of 0.38—0.45%, which corresponds to steel grade 4Cr41. However, studies
show that the material of the steel grade differed from the standard. 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 (Zadel et al., 1985; Birjukov et al., 1986).

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 No. 1
is —0.125%; in sample No. 2 —0.0050%, in sample No.3 —0.0813%, in sample
No. 4 — 0.0898%, in sample No. 5 —0.0671%. In four samples, the phosphorus content
significantly exceeds the norms set by the EN 10083-3:2007-01 standard, which should
be less than 0.025%.

As you know, phosphorus is one of the harmful impurities of steel, the source of
which is charge materials, mainly cast iron. It is capable of dissolving in significant
quantities in ferrite, which leads to distortion of the crystal lattice. At the same time,
there is an increase in tensile strength and yield strength, a decrease in ductility and
viscosity. An increase in phosphorus content causes an increase in the cold brittleness
threshold and a decrease in the work of crack development.

Phosphorus is highly susceptible to segregation, which leads to a sharp decrease in
viscosity in the central part of the ingot. Currently, there is no technology for deep
purification of steel from phosphorus (Bhadeshia & Honeycombe, 2017).

Accordingly, the question arises of how increased hardness and an increase in
harmful impurities in the metal affect the performance of the bolt and what measures can
be proposed to identify them at an early stage, before it breaks.

The investigation of the causes of disintegration of the bolts of the rubber cord
coupling fastening M24 bolts was carried out in the RTU laboratory in the following
directions:
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1. determination of the type and nature of disintegration in three specimens under
static loading;

2. determination of the type and nature of disintegration for three specimens under
cyclic loading.

Determining the type and nature of decomposition under static loading

In order to determine the type and nature of the disintegration stress, three samples
of M24 bolts were tested in the RTU laboratory: No. 6; No. 7; No. 8 static tests for
breakage. Bolt samples were taken from rail cars with the following mileage data:

Sample No. 6 mileage — 214,596 km;

Sample No. 7 mileage — 105,764 km;

Sample No. 8 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. 1 mm
was not chosen by chance — the minimum tensile load of the installation.

Determining the type and nature of decomposition under cyclic loading

In order to determine the type and nature of the bolt M24 decomposition, cyclic tests
were carried out on three samples of the bolt numbered No. 9; No. 10; No. 11 (stretching
and unloading — 10 tests and 11 tests for stretching the sample until decomposition)
considering three different mileage

ranges: Zwick / Roell
Sample No.9 with mileage - .
. araugi
227543 km7 . . Heading g Paraugi Spacimen removal :
Sample No. 10 with mileage .T?:iﬁ'.,:;w ?:f}&?m”.‘.‘f :;MML
1559365 kl’Il; . . L’é’én-“a'?”““““""°'§ Machin data Zwicki/Roall Z600
Sample No. 11 with mileage Prodoad : 50 N
210,298 km. Test results:
A stress cycle is understood as . v |
a set of varying stress values in one —— e
period of change. Cyclic tests were — 1
performed in the RTU laboratory 254

] 248

using a Zwick/Roell Z60010

electromechanical testing machine

with progressive loading and w0000

unloading. Load levels respectively:

25kN; 50kN; 75kN 100 kN;

125 kN; 150 kN; 175 kN; 200 kN; '

225 kN; 250 kN; decomposition. o \f \(p& -

The speed of increasing the load is A\[A .

7 mm per minute (Fig. 4). The rate ® © femtimeins

of increase in load of 7 mm is the

maximum tensile load. Figure 4. Bolts decomposition diagrams.
According to the test results it

was found that the fractures of all the samples occurred at the connection point of the

bolts with the insert, without cupped fracture. According to the test results, the fatigue

decomposition of the samples was found as a result of the accumulation of defects from

Series graph:

§
8
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8
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the action of shock vibration load. Miiller & Choteborsky (2016) have shown that the
temperature of the specimens influenced the impact strength, the toughness and the
maximum deformation of the adhesives. To carry out diagnostics of bolted connections
in real time, a shock vibration device was designed and developed.

The purpose of the invention is to create a device for monitoring the impact and
vibration force of bolt fastenings, which would make it possible to constantly accumulate
and analyze data on the impact force
perceived by the bolts during the | FG
operation of the vehicle in order to I
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 or other
accidents (Stauffer, 2004). As a result,

the costs of operating and repairing ) _ _ -
vehicles will be reduced. The block Flgm.'e 5..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.

diagram of the invented device is shown
in (Fig. 5).

The purpose of the invention is
achieved as follows: the device for monitoring 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 electric signal (Leonardson & MacGugan, 1994; Komorska, 2011).

When processing the information and finding that the allowable load on the
rubber-cord coupling fastening bolts has been exceeded several times, the decision to
replace the bolts was made in more than 10 cases during week. Thus, unplanned repairs
due to damage to bolts and other components of the vehicle have been prevented. 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 bearings,
deviations of shafts, the condition of transmission gears and other structures on which
the fixing bolts are subjected to deformation forces. If, when processing the information
received from the invented device 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.

Shock vibration device testing

After a test using an impact stand, the impact load was determined in the railway
undertaking AS ‘Pasazieru vilciens’. In order to do this, it was necessary to determine
the impact force F, which is received by the bolts when the motor car passes the rail
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joints. The impact force F, which is absorbed by the bolts of the rubber cord coupling, is
determined according to the formula (1), in order to determine it, it is necessary to
determine the acceleration with which the motor car passes the rail joint. For this
purpose, we use the empirical formula (2).

F=w -q (1)
where q — half the mass of the wheelset, t; w, — the acceleration with which a car
passes a rail joint, m s2.

%4
our=2+0.133 ]-g (2)
[ v (29)?
where V — car speed, km h'!; g — half the mass of the wheelset, kg; g — gravitational
acceleration, 9.81 m s™.

The data of acceleration and Table 2. Acceleration and impact load calculation
impact force calculations are presented data :
. Car speed V, Acceleration of the Impact force
in (Table 2). it .

. : kmh wheelset w, ms? F,N

Further, in order to determine the :
. .. . 20 28.122 42,183
impact load, tests of the disintegration 40 36,624 54936
load of the rubber cord coupling fixing 60 45126 67639
bolts were carried out in the JSC 80 53.628 802442
‘Pasazieru vilciens’ company, in which 100 62.13 93,195
the developed impact vibration device 120 70.632 105,948

was used, with different, but close to
the calculated data of the impact force F. The experimental data was shown in (Table 3).

Table 3. Testing the impact vibration device on the bench

Trial  Quantity of bolts,  The size of the impact =~ Quantity of blows, Impact level size,

No. pcs force, F, N pcs. cond. units
1 16 20,000 1,000 305-317
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:

* 20,000 N (2 tons) — bolts do not break;

* 40,000 N (4 tons) — after the 730th impact, one bolt broke;

* 60,000 N (6 tons) — after the 467th impact, one bolt disintegrated, but after
500 hits the other bolt was found to have disintegrated during the inspection of the bolts.

* 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;

* 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 force from 20,000 N
(sample 12, a, b); 80,000 N (sample 13, a, b) and 100,000 N (sample 14, a, b) is shown
in (Figs. 6-8).
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Metallographic analysis confirmed the formation of critical defects and cracks is
shown in (Figs. 6-8) in the microstructure at different values of the impact force, which

caused the bolt to disintegrate.
Miiller (2017) has shown that
adding the filler into the resin
changed a fracture surface. An
analysis of a scanning electron
microscopy (SEM) proved a good
wettability of the filler, the resin
and the adhesive bonded material
(a structural carbon steel S235J0).
A crack  propagation  was
concentrated around the filler
B112(151.59 + 53.04 um), namely
at higher value of the loading
speed, i.e. 10 mm min™'. The crack
propagation is a consequence of this.

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. 9). The operation
test of the shock vibration device
was performed on electric train
motor car No. 7118-10 starting
from 15.04.2023.

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. 9). The operation test
of the shock vibration device was
performed on electric train motor
car No. 7118-10 starting from
15.04.2023. coupling bolts, a shock
vibration device was installed on
the rubber cord coupling flange.
The installation location of the
device is shown in (Fig. 9). The
operation test of the shock
vibration device was performed on
electric train motor car No. 7118-10
starting from 15.04.2023.

Figure 6. Metallographic analysis after 360 impacts

with a force 0f 20000 N, magnification —x50, sample
12: 1 —inclusion; 2 — craks.

Figure 7. Metallographic analysis after 360 impacts
with a force of 80000 N, magnification — x50, sample
13: 2 — craks.

Figure 8. Metallographic analysis after 360 impacts
with a force of 100000 N, magnification — x50, sample
14: 2 — craks.

Figure 9. Placement of the impact monitoring device
for bolted anchorages and rubber cord coupling:
1 —impact monitoring device; 2 —rubber cord
coupling; 3 — fastening bolts.
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Answer (3). Since all trains are used on the same identical directions and routes
with a daily mileage of an average of 500 km per day, car 7118-10 was randomly selected
for research. Based on data on the mileage of cars, where mileage not exceed more
than 100 thousand km from repair (the standard mileage to the scheduled repair is
240 thousand km =+ 10%), in order to monitor on daily basis the shock and vibration load
during 6 months. The mileage of car 7118-10 from the scheduled repair at the time of
installation of the shock-vibration device was 55 thousand km.

Answer (2). The device was used to test shock and vibration loads and control
resonant frequencies during operation of a motor car in operation (on the line). Over the
course of 6 months, the shock and vibration load was monitored under operating
conditions of Latvian railway with daily shock load monitoring in order to ensure
trouble-free operation of rolling stock and improve the quality of service and
transportation of passengers.

The results obtained from the impact monitoring device for bolted anchorages and
rubber cord are shown in (Fig. 10).

(Fig. 10) shows the amplitudes of vibrations (in conventional units) taken from the
vibration sensor while the motor car is moving. Measurements were carried out
throughout the day (24 hours). As can be seen from the graph, the amplitude of the
vibration was at around 280 conventional units. However, 3 cases were recorded when
the amplitude of oscillations reached up to 300 conventional units. The maximum
amplitude of oscillations was 396 conventional units. The mileage of the car is 486 km.

U 350
300

250

200

0 t

Figure 10. Shock vibration load graph for one working day.

Once a month, when the motor car reaches 10-15 thousand km mileage, one bolt
was dismantled for metallographic analysis. The purpose of the metallographic analysis
is to detect and confirm the existence of defects and microcracks in the microstructure
at certain and determined impact loads and at a known distance of the motorcar bolts.
The data of the study of the performance of bolts using an impact monitoring device for
bolted anchorages and rubber cord coupling were shown in (Table 4).

Table 4. Impact load determination.

M24 bolt performance indicators

Iie:)mple Mileage, The size of the shock sensor readings, cond. units

' km 300-330 331-360 361-390 391420
15 12,682 52 14 3 0
16 25,632 116 21 1 2
17 38,850 187 33 1 1
18 52,512 236 42 5 0
Critical level 264,000 700 250 150 40
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During the monitoring, the maximum impact vibration level of the impact load is
396 conditional units. _

Knowing the maximum value j F R
of the shock-vibration load to which : ‘

the fastening bolts of rubber-cord : -\\ /
couplings can be subjected, it is ) 1
proposed to collect data on the . ' |
shock-vibration loads. When the l y X . j
maximum impact load ascertained — —
du“ng op eratlop of the r}lbber-cord Figure 11. Bolt sample 15 metallographic analysis,
couplings fastening bolts is reached, mileage 12,882 km.
it is proposed to carry out measures
for their replacement. This Y. 5 N B R
significantly reduces the likelihood ek R | - / ]
of bolt failures and the associated A N \_ 4 e %
need to perform unscheduled X })/; . . i, 7 4 \
repairs of units, which entails a ol /\\\ . .
significant reduction in the costs g - - 4 3
for the company. e\ e g
For metallographic analysis, . , ,
bolts with mileage of 12,682 km and Flgure 12. Bolt sample 18 metallographic analysis,
52,512 km were taken. The results mileage 52,512 km.
of metallographic analysis of bolt samples 15 and 18 are shown in (Figs. 11, 12).
The results of the metallographic analysis showed the gradual formation of defects
in the microstructure, (Figs. 11, 12, poz. 1).

Frequency analysis of rubber cord coupling

The critical-frequencies of the coupling depend on the rigidity - the fastening method
and on the mass of the coupling. For this purpose, we use the empirical formula (3)
(Myakishev & Bukhovtsev, 2004).

_ Kios
w= () (3)
where K — coupling stiffness, N m™'; M — coupling mass = 9.24 kg.
Based on the results of studies
of 40 resonant frequencies, it was Table 5. Summarized critical-frequency results

found that the total contribution of Critical-  Coupling mass participation
the coupling mass in these oscillation  coefficients by axles

Number
of test

vibrations reaches 61.8% in the frequency,

. . ) ) X Y Z
axial direction of the coupling, Hz
50% in the vertical and horizontal 1 54.87 0.5719 1-28'10': 8-34'10':
radial directions. Since the total 2 56.27 0.0194 2-66'10:8 3-23'10:7
part of the mass of the coupling 3 56.37 0.0260 . 1.97-10° 5.89-10
involved in the oscillations is }; S§§2 1'82'103 0.0533 0.3882
greater than 60%, the further ‘ 2.14-10° 03881  0.0532

22 126.05 4.85-107  0.0511 0.0028

participation of the mass is not > |5, 1.89-107  0.0048  0.0484

significant and therefore we stop at
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the first 40 frequencies. We distinguish the main masses involved in the formation of
oscillation modes. A summary table of resonance frequencies with the largest coupling
mass contribution is shown in the (Table 5).

These fluctuating masses represent a portion of the energy that acts on the coupling
shell and can cause its damage (Medvecka-Benova et al., 2015). For the largest masses
specified in in the (Table 5), histogram was created a histogram of mass participation in
fluctuations in each direction, shown on (Fig. 13).

Frequancy vs_Effective mass partcipation factor (EMPF)
60.00 . . - . - - - -

50.00
40.00
30.00
20.00

10.00

Effective mass participation factor (EMPF) %

0.00 L1 L1
1(54Hz)2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 (130Hz)
Mode No. (Frequency (Hz))

Hx EHYy H:

Figure 13. Histogram representing the mass participation in the oscillations.

To estimate the total mass participation coefficient from the oscillation frequencies,
created a graph of the total mass participation (Fig. 14).

Frequancy vs.Cumulative effective mass partcipation factor (CEMPF)

54.87 69.95 85.02 100.10 115.18 130.26 145.33
Frequency (Hz)

Cumulative effective mass partcipation factor (CEMPF) %,

—— X el Y - 7

Figure 14. A graph showing the overall coefficient of mass participation as a function of the
oscillation frequencies.

As a result of the analysis of the histograms (Figs. 13, 14), we determine the main
vibration modes corresponding to the frequencies with the largest coupling mass, and
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the mass participation indicates which frequency modes are the most dangerous
(Sheshenin et al., 2021).

As can be seen on the (Fig. 15), 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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Figure 15. Coupling vibration along the X axis at frequency of 54.87 Hz.

As can be seen on (Figs. 16, 17), 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 of the coupling shell in the radial direction. During
operation, the stressed areas partially coincide with the area of coupling damage.
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59001 ‘
e
[ \ v
EMode shape: 12 =

Figure 16. Coupling vibrations along the Y axis at frequency of 8§8.25 Hz.

At frequencies 56.37 Hz, 56.27 Hz, 126.05 Hz and 126.22 Hz, the coupling loses
its stability, however the mass contribution at these frequencies is not significant and the
place where the coupling is attached to the flanges is not under stress. 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.

Using Solid Works software critical (dangerous) frequencies to which rubber-cord
couplings may be exposed during operation were identified. In turn, use a shock-
vibration device is proposed to collect data on the real frequencies to which the coupling
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(or other unit) is exposed during operation. Shock and vibration load data is monitored
in real time and stored on a server that can be accessed via the Internet.

—
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Figure 17. Coupling vibrations along the Z axis at frequency of 88.36 Hz.

The initial moment of resonance of the rubber cord coupling was determined using
a impact monitoring device for bolted anchorages and rubber-cord coupling. The value
of the oscillation frequency can be determined for individual stages of movement at a known
speed. The results for different speed ranges for the 1 s period are shown in (Figs. 18-21).
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Figure 18. Study of resonance frequencies at speed of 10-20 km h!.
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The time interval, 1 sec
Figure 19. Study of resonance frequencies at speed of 40—-60 km h''.

According to the results of the analysis of (Figs. 16-21), the oscillation frequencies
to which the rubber cord coupling is exposed at different speeds from 20 to 120 km h™!
were determined and found:
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e ata speed of 20100 km h™! resonance does not occur in the system;
e at speeds in the range of 110-120 km h' resonances occur periodically in the
system and the frequency range in which the couplings operates is 53—57 Hz.
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Figure 20. Study of resonance frequencies at speed of 80—100 km h-'.
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Figure 21. Study of resonance frequencies at speed of 110-120 km h'.,

The critical resonance frequency of the oscillation determined by SolidWorks is
54.85 Hz along the X-axis. This means that the rubber cord coupling resonance may
happenat the most dangerous resonant frequency.

RESULTS AND DISCUSSION

Metallographic analysis revealed a large number of non-metallic impurities in all
samples. Decomposition of M24 bolts during service can often start from initial defects
of metallurgical origin caused by non-metallic impurities. Which, with the increase in
the life of the bolt (mileage), increase in number and size, which later cause fractures.

The implementation of the impact-vibration force monitoring device in service
provided objective information on the impact loads perceived by the bolts for fastening
the rubber cord coupling.

If, during technical maintenance, based on the data collected from the device, it is
found that the level of permissible loads exceeds the critical level, then the M24 bolts of
the rubber cord coupling must be replaced with new ones. Thus, it eliminates the need
to perform unplanned repairs of the M24 bolts of the rubber cord coupling due to
disintegration, which calls for large financial investments. In the future, the finished
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product can be offered to European and other countries by installing the impact vibration
device on railway rolling stock and metro cars or using it in other industries. In addition,
this invention can be applied in mechanical engineering, aircraft construction,
shipbuilding and other fields to control the technical condition of bolts and flexible
coupling. Answer (4) having a certain set of shock-vibration load data in real time, it is
possible to make adjustments to the repair system for servicing the rubber-cord coupling
and its fastening bolts or other technical equipment, which is subject to shock-vibration
loads. This means a change from a system of planned preventative repairs to repairs
based on actual conditions.

According to the analysis of the stresses acting on the rubber cord coupling in
different operating modes, calculated in the Solid Works program, it was found that at a
speed above 110 km h™!' (1,673 rpm), the stress spreads throughout the cross section of
the coupling.

As a result of the analysis of the first 40 frequencies, the critical frequencies and
oscillation modes of the coupling shell were found. The calculated load of the coupling
cover zones coincides with the damage zones of the coupling in service. Answer (4)
knowing the most dangerous frequencies to which rubber-cord couplings can be
exposed, it is proposed to use a shock-vibration device to collect data on the real
frequencies to which the coupling (or other unit) is exposed under operating conditions.
Answer (4) Knowing the most dangerous frequencies to which rubber-cord couplings
can be exposed, it is proposed to use a shock-vibration device to collect data on the actual
frequencies to which the coupling (or other unit) is exposed in operation.

To reduce the risk of damage to the coupling housing, it is necessary to prevent
long-term operation of the coupling at the calculated critical frequencies — 54.87 Hz;
88.2 Hz; 88.36 Hz.

Answer (4). If values of resonant frequencies are coinciding with identified critical
values, it is necessary to take measures to prevent the rubber-cord coupling from
operating at dangerous frequencies or to accelerate their passage. This way it 1s possible
significantly reduce the likelihood of rubber-cord couplings failure and the need for
unscheduled repairs associated with replacing the coupling. All of the above measures
lead to a cost reduction for the company.

Answer (4). Using the impact vibration device, it is possible constantly accumulate
and analyse data on the impact force in order to reduce the number of unplanned repairs
of railway rolling stock or other industries vehicles due to their damage, as well as to
reduce the number of accidents or other incidents.

The results of the calculations in the SolidWorks program package confirmed that
the most stressed area of the coupling is its wall 1020 mm distance from the outer
diameter of the mounting disc. This area is mainly loaded with loads from the shaft
deviation and from the maximum moment at the beginning of the movement.

Usage of the impact monitoring device for bolted anchorages and rubber cord
coupling and the methodology will give the following results. The costs for unplanned
repairs will be eliminated, however the human factor still must be taken into account.
The costs will be related only to the implementation of the impact vibration device. Data
on unplanned repair costs and the impact monitoring device for bolted anchorages and
rubber cord coupling implementation and operation are presented in (Table 6).

Answer (5) According to (Table 6) result data in the example of JSC ‘Pasazieru
vilciens’, a company that operates electric trains, implementation of the device would be
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done for all EMU trains, and the implementation costs would not exceed 15 thousand
Euros, then the costs would be repaid within 2 years (the use of the device becomes
profitable) due to the reduction in the number of unplanned repairs, and in the 3rd year,
the company will have a profit of no less than 15 thousand. Euro (article Mihailovs et
al., 2021).

Table 6. Comparison of costs for unplanned repairs and implementation of impact monitoring device

One Unplanned Implementation of
The name of the unplanned repair unplgnned repairs during impgct monitoring

repair, 10 years, devices,

EUR EUR EUR
Replacement of rubber-cord coupling bolts 429 103,895 15.000
Replacement of rubber cord coupling 575 58,842.28 ’

Answer (5) The impact vibration force monitoring device provided objective
information on the impact loads perceived by the rubber cord coupling fastening bolts,
and its serial introduction into operation makes possible monitoring of the rubber cord
coupling and their fastening bolts technical condition and prevent unplanned repairs due
to bolt damage.

CONCLUSIONS

Based on the experiments conducted, it was proved that the failures of the rubber
cord coupling fastening bolts are related to the disintegration processes due to fatigue
from the accumulation of defects in the microstructure as a result of exposure to impact
loads, which is confirmed by metallographic analysis.

According to the results of the experiments, the critical value of the impact load
was determined, and the load on the rubber-cord coupling fastening bolts exceeding
several times the allowable values were found.

The implementation of the impact-vibration force monitoring device provided
objective information on the impact loads perceived by the M24 bolts used for the rubber
cord coupling fastening. Its serial introduction into operation makes possible to monitor
the technical condition of rubber cord couplings fastening bolts.

If, during maintenance, the data collected from the device shows that the level of
permissible loads exceeded the critical level, then the M24 bolts of the rubber cord
coupling must be replaced by new ones. Thus, it eliminates the need to perform
unplanned repairs of the rubber cord coupling due to M24 bolts disintegration, which
requires large financial inputs.

When studying the influence of resonance frequencies, the stress zones of the
rubber cord coupling were determined in the SolidWorks finite element modeling
software, and it was found that the critical frequencies of resonance are influencing
coupling oscillations in X; Y; and Z-axes directions, involving a certain amount of
coupling mass. The most dangerous resonance frequency is along the X axis, when more
than 57% of the coupling's own mass participates in the oscillations. At this frequency,
the coupling areas are subject to deformation and coincide with damage areas found in
operation.
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As a result of the vibration level monitoring, using the impact vibration device, the
oscillation frequencies to which the rubber cord coupling is exposed at different speeds
from 10 to 120 km h™! are determined. It was established that resonances in the system
periodically occur at speeds in the range of 110-120 km h™! and the frequency range in
which the coupling operates is 53—57 Hz. The critical resonance frequency of the
oscillation determined by SolidWorks is 54.85 Hz along the X-axis.

Appearance of critical resonant frequencies 88.25 Hz; 88.36Hz along the Y and Z
axes by a shock vibration device not ascertained. In order to reduce the risk of coupling
breakdown, it is necessary to limit the long-term operation of the coupling at a speed of
more than 110 kmh' (1,700 rpm) due to the effects of the action of the resonant
frequency.

The developed and tested shock vibration device was tested on the rolling stock.
Using this device, the data of shock vibration load levels in real operating conditions
were obtained. The shock-vibration control device provided objective information about
vibration and shock loads. By introducing the shock-vibration monitoring device into
serial operation, it is possible to predict a significant reduction in the number of
unplanned repairs of motor cars, as well as to reduce the costs of motor car downtime.
In addition, this invention can be applied in mechanical engineering, aircraft
construction, shipbuilding and other fields to monitor the technical condition of bolts.
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