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ABSTRACT

This paper presents an analysis of the design of the bogie pivot of an electric multiple unit, which is cast in cast
steel to replace the forged pivot used to date. The change in pivot manufacturing technology is justified for eco-
nomic reasons, but may affect the reliability and operational safety of multiple units. The authors analysed to what
extent the change in pivot manufacturing technology from forged to cast can affect the operational reliability of the
upgraded structural component and what requirements should be met so that the introduced upgrade does not re-
duce the operational safety of the electric multiple unit. An important part of the analysis is the consideration of the
effect of preventive replacements of the rubber element of the vibration damper on damage to the pivot and vibra-
tion damper system. The dependence of damage to the cooperating components of the pivot elements and vibration
damper in the system is demonstrated. The lifespan of the rubber element of the damper is considerably less than
that of the bogie pivot of the electric traction unit, and its damage increases the probability of damage to the cast
steel pivot. This relationship is critical and, in order to ensure the required reliability of the traction unit, a strategy
of preventive replacement of the rubber element of the damper was proposed and achieved in the simulation model
developed. This issue is presented in this paper because it is fundamental to the safe operation of rail vehicles.
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INTRODUCTION

Structural upgrades of technical objects are
an inherent part of their construction processes.
The improvement of structures by introducing
newer solutions is clearly visible in the produc-
tion of cars and electronic equipment, as well as
in the manufacture of many other products. Mod-
ernisations are driven by advances in technology,
changing customer requirements and economic
considerations [1]. The analysis presented here is
aimed at ensuring the reliability and operational
safety [2] of the modernised design. In the case
under consideration for the bogie pivot of a rail

vehicle, the modernisation of the design involves
the application of a different manufacturing tech-
nology than that used to date. Consideration is
being given to manufacturing the pivot using a
steel casting process instead of a forging process.
Undoubtedly, for economic reasons, the use of
the new technology is fully justified. However,
in view of the responsible function that the pivot
has in a rail vehicle it should meet the strength
requirements, which are a necessary condition to
guarantee operational safety [3].

The basic problem in casting technology is
to ensure that the material structure is uniform
throughout the volume of the cast component and
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to eliminate the possibility of defects in the form
of voids and inclusions within the casting [4]. The
occurrence of such defects promotes the initiation
of fracture and the lack of a uniform internal ma-
terial structure results primarily in the formation
of areas of reduced impact strength [5]. The com-
bination of these two phenomena is very danger-
ous as it can lead to the initiation and rapid propa-
gation of cracks cf. [6], especially when variable
external loads are present. This type of loading is
characteristic of the operating conditions of rail
vehicle pivots and creates favourable conditions
for damage and an immediate safety risk. The risk
is much greater when the rubber bushing of the
vibration damper cooperating with the pivot is
damaged, as the dynamics of the loads carried by
the pivot increases.

The rubber element of the damper cf. [7], in
comparison to the other components of the sys-
tem, is characterised by a significantly lower dura-
bility and a rapid deformation process under harsh
operating conditions [8, 9, 10]. The low durability
of this element affects the reliability of the pivot
function. One possible solution to the problem is
to develop a replacement strategy for the rubber
damper element correlated with the reliability of
the pivot and the entire system [11, 12, 13].

The result of the analysis performed is the
development of a procedure for planning the pre-
ventive renewal of the rubber damper element
enabling the assumed reliability of the system to
be achieved, as well as a procedure for properly
planning and carrying out the process of upgrad-
ing objects of this type [14, 15].

Impact strength as an indicator of the
resistance of cast steel to dynamic loads
in terms of reliability

One of the important characteristics of
cast steel, in terms of applicability, is impact
strength. This is the material’s resistance to brit-
tle fracture under dynamic loading. The impact
strength measure used is the ratio of the energy
required to fracture the sample with a single im-
pact to the cross-sectional area of the sample at
the notch [16]:

ke =5 [mm 0

mm?2

where: KC — impact strength [J/mm?], K — impact
work [J], S — area of the initial cross-sec-
tion of the sample at the notch [mm?].
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According to [17], cast steels that are used in
railway structures are divided into two groups:
steels for highly stressed castings (C1) and steels
for other castings (C2). C1 steel castings are
used, among other things, for bogie pivots, bear-
ing housings of wheel set axles, and buffer parts.
The use of cast steel in the construction of railway
vehicles, especially in group Cl, is conditioned
by the fulfilment of a number of requirements in
order to ensure operational safety. The types of
tests and requirements for the production process,
chemical composition and the method and condi-
tions of testing the finished products are defined
by the relevant standards [18].

In the application for railway vehicle pivots,
the impact strength of the material is a particular-
ly important parameter that should be tested. This
is due to the fact that these components transmit
high forces and, in addition, may also be subjected
to impacts on the vehicle’s supporting structure.
If the impact strength is too low, this can then lead
to a fracture of the pivot and a direct threat to the
safety of rail traffic and passengers. According to
standard [18], minimum impact strength values
are given for individual steel grades as impact
work values. They are determined as an average
of the three samples tested, where the value of a
single measurement must not be less than 2/3 of
the average value obtained.

If the thickness of the casting exceeds 28
[mm], additional requirements specified in [19]
must also be taken into account, which mainly
concern the method of taking the sample and test
ingot for testing. The impact strength values giv-
en in [18], depending on the steel grade, have a
range of 20—45 J and are determined at an ambi-
ent temperature of 23 £ 5 °C. However, it must
be remembered and constructors should bear in
mind that some steel grades have significantly
lower impact strength values at reduced temper-
atures, where rail vehicles are also operated. Ac-
cording to studies presented in [20, 21], the im-
pact strength of cast steel, depending on the heat
treatment applied and the chemical composition
(admixture content), can be almost twice as low
at -30 °C compared to that tested at 20 °C. One
way to reduce this difference is to use a suitable
heat treatment on cast steel [20]. An additional
problem in the use of cast steels for the pivots is
the need for the cast steel to meet several strength
requirements at the same time. Due to the transfer
of high loads, the material for the pivot should
have high values of yield strength Re and ultimate
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strength Rm, and due to the resistance to fracture,
high impact strength. In the case of cast steel,
however, the values of impact strength decrease
as the values of Re and Rm increase [18, 21].

The bogie pivot is an essential element of the
connection between the bogie and the body of
the railway vehicle (Figure 1). The function of
the bogie pivot is to transmit the forces between
the bodywork and the bogie, and to enable the
bogie to turn in a horizontal plane relative to the
bodywork of the vehicle. Depending on the forc-
es involved, there are three types of loading on
the bogie pivot: a bogie pivot carrying only the
horizontal tractive and braking forces, a bogie
pivot carrying only the vertical forces from the
weight of the bodywork, and a bogie pivot carry-
ing both horizontal and vertical forces Consider-
ation of the possibility of assessing the reliability
of a railway vehicle bogie pivot design began
with a search for design features whose limits,
if reached, could lead to failure. Since the forged
pivots in service to date showed high reliability,
attention was therefore directed to the changes
introduced in manufacturing technology and the
resulting changes in the properties of the struc-
ture, including above all the strength properties
of the pivot material.

The analysis of the reliability of the pivot in
question must be carried out comprehensively,
across the entire design of the system of com-
ponents that cooperate during the transmission
of the driving force from the bogie to the wagon

° ] o
_/—\‘\
Figure 1. Schematic diagram of the construction
of the analysed rail vehicle bogie pivot system,
1 — rail vehicle bogie pivot, 2 — through-port of the

rail vehicle bogie frame cross member, 3 — tractive
force vibration damper (metal-rubber bushing)

body structure. There are three factors involved
in the pivot failure process. The initial factor ini-
tiating the process is the failure of the metal-rub-
ber bushing (of the vibration damper) of the pivot
connector to the bogie. The next phase of damage
is initiated by increased freedom of movement in
the through-port of the bogie cross member and
contact in the form of impacts of the pivot on the
edge of the through-port of the cross member.
The impact resistance of the pivot depends on the
local impact strength of the pivot material.

To assess the material properties of the piv-
ot, samples must be taken randomly from sever-
al locations on the same pivot and from different
pivots belonging to the random sample. The first
test is the evaluation of the tensile properties. The
static tensile test is carried out according to stand-
ard [22]. The literature data and tensile diagrams,
as well as the nature of the fractures, confirm that
the cast steel is characterised by low ductility.
Specimen fractures without plastic deformation
(constrictions) in the fracture area suggest brittle-
ness of the material and the need for an impact
test of the pivot material.

A detailed analysis of the interaction of the
components and the occurring damage to the com-
ponents for the transmission of force from the drive
train to the pivot may indicate that there are im-
pacts of the pivot on the edge of the through-port
of the cross-member. During impacts, the structure
transmits momentary dynamic loads of significant
magnitude, which can lead to cracks and damage
to the pivot. For impact forcing factors, the impact
indices of the structural material can be of leading
importance in assessing the reliability of the struc-
ture. Comparing the impact strength of cast steels
with the limiting permissible value defined in the
standard [16] enables the assessment and predic-
tion of the limit state of resistance to impact forc-
ing factors of a rail vehicle pivot.

The impact strength that characterises the
susceptibility of cast pivots to brittle fracture
compared to forged pivots significantly reduces
their reliability. In subsection 3, the probabili-
ty of correct pivot operation, i.e. the reliability
characteristics that may be appropriate for cast
pivots, was assumed. Taking into account that
damage to the metal-rubber bushing (of the vi-
bration damper) cooperating with the cast pivot
significantly reduces its operating time to failure,
it was analysed how preventive bushing replace-
ment affects the reliability of these bogie compo-
nents. Using a simulation method, the reliability
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of the system was checked for various cases oc-
curring in the operation of the interacting pivot
and rubber bushing.

Reliability assessment of the pivot
- rubber damper system, including
consideration of preventive replacements

A simulation method was used to assess the
reliability of the system. The system under analy-
sis has a specific and unusual reliability case. The
system consists of a pivot and a rubber damper
element, the way they work together having been
characterised earlier. The system only fails when
the pivot fails. Damage to the rubber damper el-
ement does not prevent the system from working
properly, but causes a very large change in the
operating conditions of the pivot. This change
involves a significant increase in shock loads re-
sulting from impacts of the pivot against the edge
of the cross member through-port. This situation
results in the possibility of a much more rapid
failure of the pivot through breakage.

The problem is particularly related to piv-
ots made using the casting technique, which are
prone to brittle fracture. As it is impossible in
practice to manufacture a rubber element for the
damper with a lifespan close to that of the pivot
[8, 9, 10, 13], hence, in order to ensure the re-
liability and operational safety of the system,
the damper can be preventively replaced, thus
avoiding the change in operating conditions of
the pivot and its damage. An assessment of the
reliability of the system operated in this way and
the effect of damper damage on the reliability of
the system, as well as an evaluation of the effects
of preventive damper renewal, is possible using
a simulation experiment [23, 24, 25]. The fol-
lowing assumptions were made in the simulation
model developed:

1. In the considered operation horizon (T,), the
system failure may occur as a result of a pivot
failure that has operated under normal condi-
tions (the rubber element of the damper has not
been damaged) or as a result of a pivot failure
that has developed under changed conditions
of its operation after a previous failure of the
rubber element of the damper.

2. The value of the random variable of the such
determined working time to system failure (t,),
in each of the i-th simulations, will be taken
as the smaller of the values of the two random
variables determined according to the relation:

24
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where: 7, — value of the random variable operat-
ing time to system failure, i — simulation
number, ¢, — value of the random vari-
able operating time to failure of the pivot
working without damaging the rubber
element of the damper, ¢, — value of the
random variable of operating time to fail-
ure of the rubber element of the damper,
t,— value of the random variable of oper-
ating time to failure of the pivot operating
under conditions with a damaged damper
rubber element.

A graphical representation of the determina-
tion of the values of the random variables of op-
erating time to system failure (t,) and an example
of two possible cases in the simulation is shown
in Figure 2. The simulation experiment was re-
alised using the Matlab package. The probability
distributions of the random variables Y, X and Z
were assumed on the basis of observations and
operational experiments. The types of distribu-
tions were adopted on the basis of information
provided by the operator, and to determine them
more precisely, planned operational tests should
be carried out. The types of distributions and their
parameters are shown in Table 1. After carrying
out 10° repetitions of the simulation for 7, = 5-10°
km, the courses of changes in the reliability of the
pivot-rubber element of the damper were estimat-
ed and are shown in Figure 3. For comparison, the
same figure shows the course of the reliability of
the system if the rubber element of the damper did
not fail. The reliability courses obtained clearly
show the very large impact of damage to the
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ti(i)
"""""""""" ty(1+»\
T — ti(i+1)
tX(l+1)A tZ(H‘l)
.t=0 t

Figure 2. Determination of operating time
to system failure (tf) in simulations
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Table 1. Distributions and parameters for random variables of operating times to failure

Random variable Distribution Distribution parameters
Y Normal standard govition 0 = 0410 km
X Normal standard deviaion, @ = 0.6-10° km
: weiul s gt DT 10
1
09/
0.8
0.7~
0.6+
Sos
04 o
0.3~
0.2
0.1}
0 i i i i i :
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

t (km) x10%

Figure 3. Reliability of the pivot-rubber element of the damper (1) and the course of the
reliability of the system if the rubber element of the damper did not fail (2)

rubber element of the damper on the reliability
of the system under consideration. Such a sig-
nificant reduction in the reliability of the system
cannot be accepted in practice for operational
safety reasons. This impact can be reduced by
preventive replacement of the rubber damper el-
ement in this system, which will have an effect
depending on the assumed replacement period
(¢,) [23, 25, 26].

The simulation model developed to assess the
impact of the preventive replacement of a rubber
damper element on reliability is based on the one
previously presented, except that the assumed
period of preventive replacement of the rubber
damper element (¢,) is taken into account when
determining the value of the random variable (z‘f).
The preventive renewal of a rubber damper el-
ement means replacing it with a new one. After
drawing the value 7.(i), the value # (z) is drawn
and compared with the value - Ift (z) 1s greater
than 7 then the value of 7 is stored as the value
of . The next value of 7 (i) is then drawn and

Xj+1
compared with the Value] of t. If, for example,

1,;,,(i) is again greater than ¢ then ¢ is added to
the t value. However, if ZXJH(Z) Would be less than
L it means that the damage to the rubber element
occurred before its preventive replacement. Then
Ly, /(i) and the drawn 7 (i) are added to the current
t- Value and this t-value is compared to 7,(i). The
smaller of the two is the value of the operating
time to system failure in this simulation (2£9)). If,
by the time the value of t reaches the value of T,
no subsequent th(i) happens to be less than L, then
there is no failure of the pivot in this simulation
by a change in its operating conditions through
failure of the rubber element of the damper. The
determination of the reliability value is made on
the basis of the operating times to system failure
(¢(1)), stored in the simulations, according to the
relatlonshlp [23, 24]:

Rt)=1- )

where: n(f) - number of values of t, less than t,
collected in simulations, n — number of
simulation repetitions.
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Figure 4. Determination of the operating time to system failure (t,) in simulations when
the rubber element of the damper is renewed preventively at intervals L,

START

Input data:
- probability distributions of random variables: X, Y, Z,
- simulation time horizon T,
- number of simulations n,
- time of preventive replacement ty,
i=1

f

Drawing the value of a random variable ty(i)
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Figure 5. Block diagram of a simulation with a preventively renewed rubber damper element

26



Advances in Science and Technology Research Journal 2024, 18(3), 21-32

Graphically, examples of two cases of the
simulation courses are shown schematically in
Figure 4 and a diagram showing how the entire
simulation experiment is implemented is shown
in Figure 5. For the chosen simulation model, us-
ing the Matlab package, the reliability courses of
the system were determined for different values
of the preventive replacement time (t,) of the
rubber element of the damper and are included in
Figure 6, together with the reliabilities obtained
previously when the rubber element of the damp-
er was not renewed preventively.

From the results obtained, it can be seen
that preventive replacements of the rubber el-
ement of the damper have a clear effect on the
reliability of the system. The more frequent the
preventive replacements of the rubber element
are carried out (lower l, values), the closer the
reliability of the system approaches that which
could be achieved if the rubber element of the
damper were not damaged (2). Since preventive

replacement requires stopping the vehicle and
incurring the cost of this replacement, it is up
to the decision of the operator how much he/
she is willing to reduce the preventive replace-
ment period (tpr), thus increasing the number of
downtimes and the cost of preventive operations
to achieve greater system reliability. For this
reason, the simulation also additionally estimat-
ed the average values of the number of preven-
tive renewals () of the rubber damper element
in the assumed vehicle operation horizon T, =
4-10° [km] mileage and the average numbers of
pivot failures (n) in the same period, depend-
ing on the time of preventive replacement of
the rubber damper element (7, ). The results are
shown in Table 2. It can be noticed that there is
a clear reduction in the number of failures (n )
of the pivot when the preventive replacement
period (tpr) of the rubber element of the damper
is decreased, with a corresponding increase in
the number of replacements over the service life

T

| tpr=3

tpr=3.8*10° [km]

tpr=5*10° [km]

(1)

tpr=4.4*10° [km]

5*10°

tpr=3.2*10% [km]

0.5 1.5

t

3

25
(km]

3.5 45 5

%108

Figure 6. Reliability of the pivot-damper system with preventive renewal of the damper rubber element

Table 2. Average values for the number of preventive renewals of the rubber element of the damper and the

number of pivot failures depending on 7 _at 7, =4-10° km

Preventive exchange period tp, [km] Aver:g:q;g:;ﬁ:ﬁ:;ggeggzi\{: ,l;:bber Average number of pivot failures n,
_ 0 7.5
5-10° 4.0 4.0
4.4-10° 7.57 1.43
3.8-10° 9.77 0.22
3.5-10° 10.93 0.07
3.2-10° 11.98 0.02
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considered. These results provide further guide-
line for deciding on the preventive replacement
period (tp;-) of the rubber damper element to be
used in practice.

Once the required reliability of the system has
been assumed for the service life under consid-
eration, it is possible to estimate what the time
for preventive replacement of a rubber element
should be to achieve the expected reliability val-
ue [23]. On the basis of the results obtained in
the case under study, it can be pointed out that
in order to maintain, for example, a system re-
liability of not less than 0.95 for 2.5-10° km of
mileage, a preventive replacement of the rubber
element of the damper should take place every
3.5-10° km of travel. Almost 11 preventive damp-
er replacements should then be expected, but the
average number of pivot failures will then be
close to 0 (only 0.07). In the case of rail vehicles,
the most important criterion when making deci-
sions regarding maintenance dates and preventive
replacements is the operational risk and related
safety. The obtained results make it possible to
determine the R, risk related to the operation of
the analysed system. The value of the estimated
risk can be taken as the product of the probabil-
ity of failure of the system at a given time and
the appropriately expressed consequences of this
event (e.g. in the form of costs incurred). Then,
for the selected mileage, e.g. ¢ = 2.5-10° km, the

% Operating area ’

reliability values R(1,) for various l, should be
read from the charts in Figure 6 and then the risk
R(t,) can be determined as:

RZ(tpr) = (1 - R(tpr)) C[u] )

It can be seen that with a constant value of
costs C, the risk values will be lower the smaller
the l, values are. For example, for the mileage
t = 2.5-10° km, the risk value RZ(tpr = 3.2-10°
km) will be about 60 times smaller than RZ(tpr
= 4.4-10° km) and about 4.5 times smaller than
RZ(Zpr =3.5-10° km).

The importance of the design process in
the modernisation of technical objects to
ensure safety at the operational stage

Ensuring the safe operation of technical ob-
jects in all areas of human activity is a priority.
Functional safety takes on particular importance
in the field of transport and the vehicles used in
transport [3]. The development of systems to
ensure the reliable construction of vehicles and
their safe operation is of fundamental importance
and concerns all phases of a vehicle’s existence,
including the renewal and upgrade phase. These
processes can be comprehensively covered in
RAMS (Reliability, Availability, Maintenance
and Safety) procedures [27, 28] as in the diagram
(Figure 7).

—

( Resourse consumptionw

Requests for modernisation

tResourse((i:otnsumptionJ (parameters and features)

# Data processing area ’

RAMS PROCEDURES AREA

-
r[ Data preparation ]—‘

Regarding wear

Production — | Installation
directives directives

Test procedures and risk
? ‘ assessment

correlator

i

Production area ’

Qualified
(o) S
stations

Industrial workstations

\/

Quality control

Figure 7. Elements of the RAMS procedure in operation and production for safe operation
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The use of methods such as fault tree meth-
ods [29] and simulation methods in RAMS pro-
cesses requires prior conceptualisation and prep-
aration of actions to identify structural elements
that may contribute to safety risks now and in
the future. Conceptual action preparation [30] or
conceptual relevance change preparation [31] by
its nature involves creative activity [32, 33]) and
decision-making [1, 35, 36]. With any technical
project (especially in engineering), there is un-
certainty associated with the upcoming future,
i.e. concerning bringing about desired events
(achieving the desired situation) and avoiding
undesired events as a result of implementing the
developed solution [35].

In technical activities, decisions taken at the
design stage are then associated with the produc-
tion of products with specific design and manu-
facturing characteristics. A technical product
with these characteristics is then put into opera-
tion under specific conditions. The effects of its
use are directly dependent on its characteristics
and the aforementioned operating conditions.
The actual course of the exploitation process and
its effects are traditionally described by means
of a variety of indicators concerning, among
other things, the durability, reliability or readi-
ness of the technical object, as well as the eco-
nomics and safety of its exploitation [34]. There
can therefore be no doubt that the possible ef-
fects of implementing a new technical solution
should be analysed already at the design stage,
as the course and effects of the process of the
machine’s (future) operation depend on the de-
cisions of the machine designer [1]. Due to the
cause-and-effect relationship presented, infor-
mation is of major importance for design [1, 35].
The validity of the decisions made by the de-
signer depends, in particular, on access to high-
quality data. Hence, design activity remains
closely linked to experimental research activity
(and sometimes even research-design processes
are considered [35] in the evaluation of the per-
formance of a product in operation.

One of the most important assessments of a
technical object and its exploitation process is the
reliability assessment, which refers to the correct
functioning of that object (when technical reli-
ability is considered) [34], the proper execution
of operations in relation to its use (when opera-
tion reliability is considered) [37] or the overall
impact of its use on society (when socio-technical
reliability is considered) [35].

The study [38] presents a concept of the re-
search and design process, which is a proposal
for the application of selected methods and tools
for the development of reliability even before
the final approval of the machine design (and in
the context of its subsequent operation tests and
upgrades). The presented concept is primarily
aimed at ensuring acceptable technical reliability
of the designed object. It demonstrates the exten-
sive possibilities for testing, evaluating and en-
suring reliability prior to series production. The
referenced research and design process concept
applies to the design of complex technical ob-
jects (in the reliability sense) that will be mass-
produced, and is a sequential-iterative method of
solving a design task [38]. [t comprises activities
from acceptance of the design task to final design
acceptance and consists of five basic stages [38]:
1) task analysis, solution concept development

and preliminary design;

2) detailed design combined with laboratory and
simulation studies;

3) construction and testing of a prototype and
making changes to the design;

4) testing and evaluation of the information series
of the products and introducing changes to the
design;

5) planning of future activities related to opera-
tional testing, evaluating commercial series,
upgrading of the solution, and final acceptance
of the design.

The essential stages of the method are shown
in Figure 8, which also indicates the location
within the research and design process, of the
planned and undertaken research activities relat-
ed to the reliability development of the designed
object. The concept is discussed in detail in the
referenced work [38] and, in the context of the
considerations carried out in this article, it is note-
worthy that it shows that there are ample opportu-
nities to verify the reliability of the still-designed
object. In the referenced concept [38], these are
defined as follows:

e reliability assessment based on laboratory
tests of structural materials, parts and subsys-
tems as well as on failure rate estimates and
computer simulation of object operation;

o reliability assessment based on testing of a
prototype (or a prototype after a further design
change);

e reliability assessment based on opera-
tional testing of an information series (i.e.
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START

A
I [ I - - -1 Laboratory and simulation testing
A4
>[I F--- Prototype testing
| | Reliability and risk
assessment
IV F--- Pilot lot testing
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Figure 8. Schematic of the main stages of the characterised research and design method

products used under target operating condi-
tions to meet needs, but subjected to detailed
observation).

In addition, a future assessment of the reli-
ability of the object based on commercial series
performance tests (after the design has already
been approved and implemented) is taken into
account [38]. Such an assessment may enable
a rational structural upgrade of the developed
solution in the future, for which preparations
should be made already at the design stage [38].

It is worth noting that the concept pre-
sented distinguishes between design reliability
and operational reliability. Design reliability
refers primarily to the failure rate of an object
estimated on the basis of calculations (includ-
ing simulations) based on data from laboratory
tests, observations of other objects, etc. Op-
erational reliability refers to the correctness of
functioning of the products of the information
series and commercial series and is determined
on the basis of empirical statements concerning
real objects used to satisfy needs. In addition,
prototype reliability can be determined, which
has the character of design reliability, based on
the observation of a technical asset produced
(based on a design not yet finally approved) and
working exclusively for research purposes, un-
der deliberately arranged conditions.
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As shown, there are many possibilities to
estimate the reliability of a technical object al-
ready at the design stage. It is also important
to verify the design in practice through opera-
tional testing of commercial series and subse-
quent quality control of modernised and manu-
factured objects. These activities are costly,
labour-intensive and time-consuming, but they
provide the data necessary to make rational de-
cisions in the design process. The earlier errors
are detected in the design process, the lower the
cost of correcting them should be. Verification
of the correctness of the system and design of
an object, its manufacturing technology and
technology of its operation facilitates the avoid-
ance of failures and their consequences, which
may be, e.g. unexpected stoppages, incorrectly
executed production and service processes or a
threat to life, health, the environment and prop-
erty. It can therefore be seen that the funding
of reliability research is an investment with a
chance of return, the absence of which can lead
to serious losses. The considerations presented
in this subsection are intended to emphasise
that the commissioning of modernised com-
ponents should be addressed comprehensively,
taking into account the design processes of the
technical object, and complements the issue
presented in the article.
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CONCLUSIONS

The introduction of new technologies in the
production of objects that are particularly respon-
sible in terms of operational safety should always
be preceded by an analysis of the consequences
resulting from the proposed changes and an as-
sessment of possible hazards and risks.

The economic effect in the modernisation
process cannot be the only criterion for deciding
on changes to structural elements, but it is neces-
sary to use the control of the manufacturing pro-
cess and the quality of the final product to assess
whether it meets the requirements for acceptance
into service. Specifying assessment criteria and
setting their limit values is one of the essential
conditions for safe operation. The paper presents:
e an analysis of the suitability of cast steels as

a material to be used for the casting of pivots,
e a characteristic of the operating conditions of

selected pivots and the external factors affecting

their use,

e the impact criterion as a primary element in
the assessment of the functional reliability of
the cast pivot,

e the effect of preventive replacements of the
rubber damper element on the failure rate of the
system,

e simulation model for estimating the reliabil-
ity of the pivot-rubber damper element system
with taking into account the timing of preven-
tive replacements of the damper,

e the effect of the replacement intervals of the
rubber element of the damper on the reliability
of the system and the average numbers of pre-
ventive replacements and pivot failures over
the analysed service life,

e the component upgrade process as an impor-
tant part of the design process of the technical
object.

Reducing production costs cannot be done
without taking additional evaluation criteria into
account, especially when operational safety is a
priority issue in the use of technical objects.

Acknowledgements

The research was performed in the frame-
work of a research program undertaken at the
AGH University of Krakow, at the Faculty of Me-
chanical Engineering and Robotics, the contract
number — subsidy 16.16.130.942

REFERENCES

1. Pahl G., Beitz W., Feldhusen J., Grote K.H. Engi-
neering Design: A Systematic Approach. Springer.
London, 2007.

2. Rosinski A. Modelowanie bezpieczenstwa inteligent-
nych systemow transportowych. Oficyna Wydawni-
cza Politechniki Warszawskiej. Warszawa, 2023.

3. Khan S. Analysis of tribological applications of
functionally graded materials in mobility engineer-
ing. Int. J. Sci. Eng. Res, 2015; 6: 1150-1160.

4. Kurylo P. Modernization and optimization of phos-
phoric cast iron casting. Metals 2019; 9(10): 1060,
DOI: 10.3390/met9101060.

5. El-Galy I.M., Saleh B.I., Ahmed M.H. Functional-
ly graded materials classifications and development
trends from industrial point of view. SN Appl. Sci.
2019; 1: 1378, DOI: 10.1007/s42452-019-1413-4.

6. Opala M., Korzeb J., Koziak S., Melnik R. Evalua-
tion of stress and fatigue of a rail vehicle suspension
component. Energies 2021; 14(12). DOI: 10.3390/
enl4123410.

7. Konieczny L. Effect of fail-safe mode on the damping
characteristics of a bypass-controlled shock absorb-
er. Transport Problems 2020; 15. DOI: 10.21307/
tp-2020-032.

8. GacP.Y.L., CelinaM., Roux G., Verdu J., Davies P.,
Fayolle B. Predictive ageing of elastomers: Oxida-
tion driven modulus changes for polychloroprene.
Polymer Degradation and Stability 2016; 130: 348—
355.DO0I:10.1016/j.polymdegradstab.2016.06.014.

9. Guo F, Jia X., Huang L., Salant R.F., Wang Y.
The effect of aging during storage on the perfor-
mance of a radial lip seal. Polymer Degradation
and Stability 2013; 98: 2193-2200. DOI: 10.1016/j.
triboint.2014.05.017.

10. Woo C.S., Park H.S. Useful lifetime predic-
tion of rubber component. Engineering Failure
Analysis 2011; 18: 1645-1651, DOI: 10.1016/].
engfailanal.2011.01.003.

11. Chen C., Wang C., Lu N., Jiang B., Xing Y. A da-
ta-driven predictive maintenance strategy based
on accurate failure prognostics. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2021;
23(2): 387-394, DOI: 10.17531/ein.2021.2.19.

12. Hongzhou W. A survey of maintenance policies
of deteriorating systems. European Journal of Op-
erational Research 2002; 139(3): 469—489. DOI:
10.1016/S0377-2217(01)00197-7.

13. Sikora W., Pilch R., Smolnik M. Conception of a
durability prediction method for a metal-elastomer
machine mount. Advances in Science and Technol-
ogy Research Journal 2023; 17(5): 28-40. DOI:
10.12913/22998624/170978.

14. Shang L., Wang H., Wu C., Cai Z. The post-warranty

31



Advances in Science and Technology Research Journal 2024, 18(3), 21-32

random maintenance policies for the product with
random working cycles. Eksploatacja i Niezawod-
nosc — Maintenance and Reliability 2021; 23(4):
726-735. DOIL: 10.17531/ein.2021.4.15.

15. Zhang Q., Fang Z., Cai J. Preventive replacement
policies with multiple missions and maintenance
triggering approaches. Reliability Engineering &
System Safety 2021, 213, 107691, DOIL: 10.1016/].
ress.2021.10769.

16. PN-EN ISO 148-1:2017-02 Metale - Proba udar-
nosci sposobem - Charpy’ego - Czeg$¢ 1: Metoda
badania. (in Polish)

17. PN-K-88202/AZ1-2001 Tabor kolejowy - Odlewy
ze staliwa - Wymagania i badania. (in Polish)

18. PN ISO 3755 Staliwo weglowe konstrukeyjne ogol-
nego przeznaczenia. (in Polish)

19.PN-EN 1559-2:2014-12 Odlewnictwo - Warunki
techniczne dostawy - Cze¢$¢ 2: Wymagania dodat-
kowe dla odlewow staliwnych. (in Polish)

20. Gwizdz A., Jaskowiec K., Pirowski Z., Wodnicki
J. Effect of heat treatment on the mechanical pro-
perties of GS-20Mn5 cast steel assigned for opera-
tion at low temperatures (in Polish). Prace Instytutu
Odlewnictwa 2009; 2: 43-54.

21.PN-EN 10340:2009 Odlewy staliwne do zastoso-
wan konstrukcyjnych. (in Polish)

22.PN-EN ISO 6892-1:2020-05 Metale - Proba roz-
ciggania - Czg¢$¢ 1: Metoda badania w temperaturze
pokojowe;j. (in Polish)

23.Pilch R. A method for obtaining the required sys-
tem reliability level by applying preventive main-
tenance. Simulation 2015; 91(7): 615-624. DOI:
10.1177/0037549715592274.

24.Faulin J., Juan Perez A.A., Martorell Alsina S.S.,
Ramirez-Marquez J.E. (Eds.). Simulation Methods
for Reliability and Availability of Complex Sys-
tems. London, New York, Springer 2010.

25.Mlynarski S., Pilch R., Smolnik M., Wigzania G.,
Lewandowski J. Simulation-based forecasting of
the reliability of systems consisting of elements
described by a number of failure probability distri-
butions. Journal of KONBiIN 2020; 50(2): 63-82.
DOI: 10.2478/jok-2020-0028.

26.Szkoda M., Kaczor G., Pilch R., Smolnik M. As-
sessment of the influence of preventive maintenance
on the reliability and availability indexes of diesel

32

locomotives. Transport Problems 2021; 16(1): 5-18.
DOI: 10.21307/tp-2021-001.

27.PN-EN 50126-1:2018-02 Zastosowania kolejowe
- Specyfikowanie i wykazywanie niezawodnoSci,
dostepnosci, podatnosci utrzymaniowej i bez-
pieczenstwa (RAMS) - Cze¢é¢ 1: Proces ogdlny
RAMS. (in Polish)

28.PN-EN 50126-2:2018-02 Zastosowania kolejowe
- Specyfikowanie i wykazywanie niezawodnosci,
dostepnosci, podatnosci utrzymaniowej i bezpie-
czenstwa (RAMS) - Cze$¢ 2: Sposoby podejscia
do bezpieczenstwa. (in Polish)

29.Nowakowski W., Ciszewski T., Mlynczak J.,
Lukasik Z. Failure evaluation of the level crossing
protection system based on fault tree analysis. Sci-
entific and Technical Conference Transport Systems
Theory and Practice "Recent Advances in Traffic
Engineering for Transport Networks and Systems"
2017. DOI: 10.1007/978-3-319-64084-6_10.

30. Gasparski W. Projektowanie: koncepcyjne przygo-
towanie dziatan (in Polish). Panstwowe Wydawnic-
two Naukowe. Warszawa 1978.

31. Miller D. Projektowanie metodyczne (in Polish). Wy-
dawnictwa Naukowo-Techniczne. Warszawa 1987.

32. Arciszewski T. Inventive Engineering: Knowledge
and Skills for Creative Engineers. CRC Press. Boca
Raton 2016.

33. Lenkiewicz W. Pewne aspekty projektowania in-
tuicyjnego.In: Gasparski W. (Ed.): Problemy me-
todologii projektowania (in Polish). Panstwowe
Wydawnictwo Naukowe. Warszawa 1977.

34. Migdalski J. (Ed.). Poradnik niezawodnosci: Podsta-
wy matematyczne (in Polish). Wydawnictwa Prze-
mystu Maszynowego ,,WEMA”, Warszawa 1982.

35. Dietrych J. System i konstrukcja (in Polish). Wy-
dawnictwa Naukowo-Techniczne. Warszawa 1985.

36. Lenkiewicz W. Zagadnienia z zakresu metodologii
projektowania. In: Gasparski W. (Ed.): Problemy
metodologii projektowania (in Polish). Panstwowe
Wydawnictwo Naukowe. Warszawa, 1977.

37. Konieczny J. Inzynieria systeméw dziatania. (in Polish)
Wydawnictwa Naukowo-Techniczne. Warszawa 1983.

38.Kuras L.M., Smolnik M. Modernisation of
LEMACH 6 design-research method as a reliability
engineering tool. Journal of KONBIN 2020; 50(2):
145-164. DOI: 10.2478/j0k-2020-0032.



