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1 Institute of Mechanical Engineering and Transport, Lviv Polytechnic National University, 79000 Lviv, Ukraine;
iryna.o.bondarenko@lpnu.ua

2 Faculty of Mechanical Engineering and Design, Kaunas University of Technology, Studentų Str. 56,
44249 Kaunas, Lithuania

3 Department of Technical Mechanics, Ukrainian State University of Science and Technologies,
49010 Dnipro, Ukraine; nlorhen@i.ua

* Correspondence: vaidas.lukosevicius@ktu.lt

Abstract: Assessing the technical condition of a railway track throughout its service life is crucial to
ensuring functional safety. However, it is important to note that current approaches have theoretical
and practical gaps that require attention. The purpose of this study is to discuss the reconceptualiza-
tion of an integrated approach to assess changes in the technical condition of railway tracks caused by
rolling stock over their service life. Improving existing systems for assessing the condition of the track
can be achieved by modifying the model concept and, subsequently, the measurement and assessment
procedures. This paper presents an alternative method for addressing technical issues related to the
monitoring and diagnosis of railway tracks, with a particular focus on natural phenomena: energy
transfer by elastic waves. The primary aim of this work is to propose an approach for designing a
‘closed’ measurement system that enables tracking of the cause-and-effect relationship. This system
takes into account both the elastic dissipative characteristics of the track–rolling stock interaction and
the influence of the dynamics of various components in the ‘train-track’ system.

Keywords: condition monitoring; measurement system; railway track; rolling stock; sustainable transport

1. Introduction

Compared to other man-made structures, it can be observed that a railway track oper-
ates under unique conditions. This is due to the accumulation of local plastic deformations
in all its elements [1–5]. This study aims to present the discourse on the reconceptualization
of an integrated approach to the assessment of the change in the technical condition of a
railway track under the action of rolling stock throughout its useful life, which is highly
important in efforts to ensure the functional safety of the railway track. It is proposed to im-
prove existing systems for the assessment of the condition of the track by making changes
in the model concept and, consequently, in the measurement and assessment procedures. In
this way, it is possible to study the variation of the parameters of the deformability process
over time, which are important factors in the assessment of the track’s ability to operate
within an acceptable level of risk.

The railway tracks are studied using local elasticity indicators [6–10] and geometry
monitoring indicators [11–16] or similar indicators, which are obtained by numerical
processing of data provided by the measurement systems of a track recording car vehicle.
Diagnostics of the technical condition of a railway track cover the following aspects [17–25]:

1. Study, definition, and classification of its condition and symptoms as signs of manifes-
tation of a process;

2. Design of methods for the detection of symptoms;
3. Selection of monitoring and measurement equipment;
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4. Forecasting of changes occurring in the track structure under the action of rolling stock,
atmospheric, and other conditions, as well as changes depending on the duration of
operation;

5. Determination of the periodicity of tests.

The contemporary approach to the assessment of changes in the technical condition of
the railway track under the action of rolling stock during the entire service life includes
assessment of the following [26–31]:

1. Natural indicators of elasticity of the railway track;
2. Geometric indicators of the condition monitoring of the railway track structure or

similar indicators obtained by numerical processing of data from the measurement
systems of the track measuring car.

The description of the parameters included in the system of investigated parameters
usually contains the following [32–36]:

1. Characterization, significance, and scope of application;
2. Analysis of tolerances or other limit values;
3. Test or measurement methods, equipment, and measuring equipment used;
4. Precautions related to the process of change of the parameter under investigation and

facilitating the prediction of behavior.

The existing system for the assessment of the technical condition of objects was
developed under the conditions of conceptual representation, where the key assessment
criterion used in decision-making has been based on the economic rationale that ensures
compliance with the technical parameters of object properties such as strength, stability,
and durability. The contemporary conceptualization has evolved towards ensuring the safe
manufacture, operation, and disposal of technical objects. Therefore, the economic criteria
have become less prevalent. Instead, new requirements have emerged.

The fulfillment of the new requirements is aimed at ensuring comfort and health both
for people using and living in the sustainable system of technosphere objects and for the
environment, as the main component to ensure comfortable and healthy living for people
and provide resources for the technosphere [37–40]. This change in conceptual vision is
impossible without changing approaches towards the investigation of natural phenomena
and the creation of technosphere objects.

This article proposes an alternative approach to addressing technical issues related
to monitoring and diagnosing the technical condition of railway tracks, with particular
emphasis on natural phenomena. The primary aim of this work is to propose an approach
for designing a ‘closed’ measurement system that enables tracking of the cause-and-effect
relationship. This system takes into account both the elastic dissipative characteristics of
the track–rolling stock interaction and the influence of the dynamics of various components
in the ‘train-track’ system. This work is a continuation of the research direction, the results
of which are contained in [39,41–44].

The following objectives have been pursued throughout the duration of the research:

1. Implementation of ‘awareness’ dimensions;
2. Applicability of the method for high-speed traffic and freight traffic at different

axial loads;
3. The possibility of estimating the elastic dissipative characteristics of track and rolling

stock structures;
4. Possibility of estimating stiffness parameters both separately for the elements and the

whole ‘rolling stock–track’ system.

The main provisions of this article are summarized as follows. First, the main the-
oretical provisions of elastic wave theory are presented. These provisions are used as a
basis for modeling the prediction of behavior in the interaction between track and rolling
stock. Second, the third section analyzes the restraining factors of the existing conceptual
vision pertaining to the solution of functional safety challenges within the framework of
monitoring railway track condition. In the fourth section, an approach to the development
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of ‘closed’ measurement systems based on the prediction of track and rolling stock behavior
is proposed. The last section presents the outcomes attained in the article and the direction
of further development of efforts in this area.

2. Theoretical Basis for a ‘Closed’ Measurement System

Coined many years ago and still widely used today, the term ‘railway track’ encom-
passes and implies a number of issues related to:

1. Formation of its geometry, implementing the respective route (in terms of both plan
and profile);

2. Ensuring the geometry of the position of the two rail threads relative to each other;
3. Provision of certain relations between the force loads of the rolling stock and their

corresponding bearing areas and the stiffness of the track structure elements;
4. Ensuring the possibility of physical processes in the design of a jointless railway track

due to changes in the properties of rail metal under the action of temperatures.

The issues (1) to (4) listed above apparently could be solved using the approaches
employed in geometry and material strength studies, taking into account the assumptions
and simplifications adopted in them during modeling. In addition, material strength
studies use geometry as a tool for solving the problems investigated, since geometry is a
precursor to material strength studies as a stage in the development of modeling. Thus,
geometry and material strength studies refer to the same conceptual representation of some
phenomenon, the development of which led to the development of the theories of elasticity,
plasticity, and viscoelasticity.

The modeling of railway track operation is performed by means of its representation
in the form of a complex dynamic system. This mathematical abstraction enables the inves-
tigation and description of the evolution of systems over time, and the assessment of this
evolution enables the assessment of the variability of systems over time. An investigation
of complex dynamic systems requires the input of the following prerequisite information:

1. Set of elements comprising the system and the change in their numbers over time;
2. Functions that determine the correspondence between the elements of a set over time;
3. Representation of the set of states between interacting and/or interrelated elements

of the set.

Since this information is very extensive, existing algorithms use simplifications to
address the issues under investigation. However, the information on the relationship
between these parameters is lost.

It should be noted that the accepted (currently used) conceptual representation in-
volves a universal classification of all systems with respect to the changes occurring in them
in relation to real time:

1. Statistical changes, the parameters of which are easily calculated analytically, with
their change over time predictable without any particular problems, since they are
practically constant within the framework of the investigation;

2. Quasi-dynamic changes, the parameters of which are calculated using differential or
integral calculus, since the general character of parameter change has clear regularities
within a fixed time interval. Therefore, it is easy to specify a function to describe
these regularities. The character of parameter change, however, depends on the
real-time rate of physical process (the rate of energy change in the system), and the
adopted simplifications of the theories employed do not allow for creating analytical
dependencies for universal solutions;

3. Dynamic changes, the parameters of which change without visible regularity. In this
case, the nature of parameter change depends on the real-time rate of the physical
process (the rate of energy change in the system). Therefore, the theoretical basis
for solving such problems is based purely on the description of certain fragmentary
phenomena, with the application of simplifications adopted for special cases of a
certain class of problems.
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In addition, current approaches to account for time in solving the set problems are
characterized by two features:

1. Modern technical means register parameter change in complex dynamic systems faster
than predicting the changes on the basis of the elasticity theory provisions, which are
hardwired in all methods and approaches of both theoretical and experimental studies of
the functioning of the railway track. Therefore, there is a dilemma between obtaining the
‘true value of a physical parameter’ and the ‘actual value of a physical parameter’;

2. At present, there is a tendency to outpace the development of intellectual technologies
that are based on knowledge extraction and management. The initial information
used in the decision-making process is actualized and intellectualized in different
subject areas, with further transition to automation of the decision-making process.
This is implemented through the development of correct mathematical models and
methods of modeling information systems to solve optimization problems.

With these features put to use, there is the possibility of modeling railway track
operation with the help of artificial intelligence. This could be based on the application,
for example, of combinational logic circuits or neural networks to establish a connection
between the characteristics of the impact of the rolling stock on the elements in the track
structure and the stress–strain processes occurring under various impacts of the rolling
stock. However, this is unlikely to lead to a shift to analytical descriptions of parameter
changes in the processes investigated, since fitting never answers the question of what
caused the parameters to change when fitting to a particular outcome recorded in the
experiment. Furthermore, the question of the ability of artificial intelligence to propose and
teach new theories to humans remains unanswered.

Controllability through the application of boilerplate prevails in the adopted and
utilized conceptual vision. In reality, however, this approach does not account for the
uniqueness of each individual situation. Therefore, there are limitations not only in transfer-
ring correlations from one track structure to another without experimental validation but
also, for example, in transferring correlation results from the modeling of experimentally
validated correlations for a track structure resting on rocky soil to modeling the behavior of
the same track structure resting on clayey soil.

Therefore, a change in conceptual vision entails a change in the essence of functional
safety management of modern railroad tracks, which is not based on processing all results
using artificial intelligence or establishing normative controllability of the processes.

Management of functional safety of the railway track should be based on analytical
modeling of the behavior of all elements of a complex dynamic system to predict the sce-
nario of processes depending on all initial factors (operational characteristics of the rolling
stock, track repair and maintenance systems, physical and mechanical characteristics of the
track and the rolling stock, speed of processes in the circumstances under consideration),
conditions (state of elements and design of the railway track, climate and atmospheric
changes), and the combinations thereof. Such conceptual approaches may benefit from
further development to fully capture the complex relationships between system elements
and their parameters over time. This will help avoid oversimplification and loss of valuable
information. The management of functional safety of the railway track links the criteria
and parameters of the device systems, maintenance, and repair of the railway track, while
the systems of monitoring and diagnostics of the technical condition of the railway track
are tools for recording these links under different scenarios of processes depending on all
initial factors.

Consequently, to consider the transition process from the parameters of one system to
the parameters of another, a ‘closed’ system needs to be considered. In the broad sense of
the term, closed systems play a fundamental role, as they essentially denote the purity of an
experiment free of input factors. Here lies the difference between closed systems and non-
closed systems. Closed systems are subject to the arbitrary nature of external influences and
therefore cannot provide information about the laws of their nature. Thus, consideration of
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‘closed’ systems enables analytical solutions, while consideration of ‘non-closed’ systems
enables numerical solutions.

A train traveling on the tracks could easily be considered a physically closed system.
General consideration of motion: The considered process of the movement of one body

(car) on the second body (track) is dynamic. Therefore, to consider the motion, one system
of reference is needed to demonstrate the change at the interaction of two three-dimensional
bodies. This certainly does not exclude the existence of multiple local reference systems.
However, the overall process is synchronized in space and time.

For the purpose of simplification, it is assumed that car (B) moves by virtue of the pull
of a constant driving force FB = fB

(
tBj

)
applied to the automatic coupling parallel to the

track axis with a certain area of application, and fB(t) is a constant value per unit of time,
where tB is the time of action of the force, and tBj represents the time of action of the force
at a certain moment j.

The main characteristic of the interaction forces between two bodies (car and track) is
that the contacts between the wheels of the rolling stock and the rails are constantly moving
along the rails. These contacts are sources of impulses transmitted by two bodies (wheel
and rail) during interaction per contact time (further referred to as the impact impulse). In
light of the wheel–rail contact conditions, the forces transmitted during the interaction time
will no longer be constant over time. Therefore, each impact impulse necessarily has the
following characteristics:

1. The law of change of the impact value over time FK = fK
(
tKj

)
, where fK

(
tKj

)
is a

variable value per unit of time tKj;
2. Direction of impact;
3. Time tK of impact;
4. Impact location with defined geometric boundaries and contact area.

In this case, according to Newton’s second law, during the time of interaction, each
contact body (wheel and rail) receives mechanical momentum (momentum as a measure
of the quantity of motion) Pi = pi

(
tij
)
= fi

(
tij
)
ti, where pi

(
tij
)

characterizes the change
in mechanical momentum per unit of time j. Thus, during the modeling, all contact areas
between all contacting elements will receive an impact impulse subject to the law of change
of the impact value over time Fi = fi

(
tij
)
, characterizing the law of change of impulse over

time Pi = pi
(
tij
)
, the character of which will remain unchanged at its transmission along all

directions of energy propagation, which corresponds to the directions of wave propagation.
This ability of the impact impulse is confirmed by the human ability to recognize musical
pieces acoustically (through the sound carried by elastic waves) and to recognize pieces of
art (through the image carried by electromagnetic waves).

Typically, in the current concept, when modeling the deformation process of a railway
track, time is used as an attribute to reproduce the shape/position, i.e., it is considered from
the logical point of view of the onset of a certain deformation. The duration of the processes
is taken into account and compared by adopting/changing the frequency values. Thus, the
proposed introduction of the law of changes in impulse characteristics over time makes it
possible to create a dynamic relationship between the values of force–amplitude–energy.
This approach is logical, as it takes into account the onset of deformation and the duration
of the process. This approach can help researchers better understand the interplay between
these variables and their impact on the overall system.

Generalized consideration of elastic wave propagation in a medium: There are two
physical interpretations of the term ‘wave’. The first one reflects the geometric interpretation
of motion, while the second one views the ‘wave’ as the means (a transfer/vehicle) by which
the energy is transferred. The description of the motion of a continuous medium, using
the first understanding of the term ‘wave’, is performed using a vector partial differential
equation, which describes the transfer of momentum in any continuum. This description
has many limitations because it involves the use of operators that allow calculations to be
performed in vector spaces.
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To address these limitations, we developed an approach that describes the vibra-
tion of railway structures under the influence of rolling stock using the theory of elastic
waves [39,41–44]. For this purpose, the physics of elastic wave propagation is described
using geometric vectors that simulate the propagation of elastic waves in space and time
(Figure 1).
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The oscillations in different directions are described using an impulse, which is a
function of the change of force over time. The change in function values is attributed to
the properties of elastic waves as they propagate. Thus, the term ‘wave’ has been moved
from the first understanding to the second. Further, in the present paper, the second
interpretation of the term ‘wave’ is considered.

According to the theory of relativity, all natural phenomena proceed in the same way
in any system of measurement. When materials are subjected to various impacts, waves
are generated in the former, that is, a sufficient amount of interaction energy ensures that
different types of waves occur.

Waves transfer energy without the transfer of matter (the latter may occur only as a side
effect). Depending on the characteristics of the material, longitudinal waves (determined by
the elasticity modulus) (Figure 1a) and transverse waves (determined by the shear modulus,
and in its/their absence, transverse waves are absent) propagate in it (Figure 1b). The
determination of whether a wave is ‘transverse’ or ‘longitudinal’ depends on the parameters
observed. The concept of a transverse wave, like a longitudinal wave, is conventional to
some extent and is related to the way it is described. The rate of energy transfer in a material
is the rate of wave propagation in that material. The rate of energy transfer by longitudinal
waves is known to be higher than the rate of energy transfer by transverse waves due to
the essence of the physical process. Each type of wave carries a certain type of energy.
Longitudinal waves carry kinetic energy, which causes the space between particles to be
compressed or stretched along the wave propagation. Transverse waves carry potential
energy, which causes the particles to move perpendicular to the direction of propagation
to the vacated space after the longitudinal wave has passed. Thus, there is a fundamental
difference between the direction of wave propagation and the direction of movement of
material particles under the action of waves.

According to the conditions of wave appearance, elastic waves at a newly formed
contact (wheel–rail) are spherical, and at existing contacts (contact has already taken place,
i.e., is being transmitted through already contacting surfaces, e.g., sleeper–ballast–railway
bed) are quasi-spherical. The main characteristics of this kind of wave are:

1. The vector of velocity of a divergent spherical wave is directed radially away from
the source (the wave diverges radially from the source), while that of a convergent
wave is directed towards the source;
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2. The amplitude of the spherical wave decreases from the source with increasing dis-
tance to the observation point, i.e., it is inversely proportional to the distance to
the source.

Thus, with two kinds of waves present in an ideal elastic body, if a force is applied
to a point from top to bottom, the wavefront is an ellipsoid (Figure 1c). However, since
the direction of propagation of elastic waves is radial, the upper part of the ellipsoid is
convergent, and the lower part is divergent. In addition, the maximum values of kinetic
energy, and hence the maximum displacements under their action, are directed along the
direction of the force. In contrast, potential energy is perpendicular to the direction of the
force, irrespective the angle at which the force is applied to the body. Pure longitudinal and
transverse waves propagate along these directions, forcing the material particles to move in
a straight line. In the other directions, a mixed motion takes place, since two types of waves
are in action. Hence, the motion of particles is elliptical, with a change in the direction of the
major and minor axes, depending on the value of the angle between the considered radial
direction and the direction of the force. If the radial directions are 45◦ to the direction of the
force, the particles on these rays move in a circle in the case of motion in a plane. In any
case, these are spatial movements in time, which are described by two components acting at
specific time intervals. The Lissajous curve is a reflection of the mixing of waves in different
directions. It takes the shape of ellipses that degenerate into straight lines when the phase
difference is 0 or π and a circle when the phase difference is π/2, and the amplitudes are
equal. This phenomenon is commonly observed in mechanics, where particles oscillate in
the direction of wave propagation. To calculate for areas experiencing pure longitudinal
waves, use compression or tension calculations. For pure transverse waves, use pure shear.
For waves a · t = π

2 , use pure oblique bending.
Generalized methodology for modeling with elastic waves: The modeling is based on

the following assumptions:

1. Describing the geometry of spherical wave propagation in time in all directions;
2. Taking into account the speed of wave propagation in all directions;
3. Taking into account the geometry of the objects in which the wave propagation took

place as a factor in the emergence of new impulses from the chains of incidence–
reflection–refraction waves;

4. Description of the primary impulse as a function of the change in load in time during
the action period;

5. Consideration of the property of spherical waves to transfer impulses (change ampli-
tudes) during propagation;

6. Description of the superposition of waves in time and space as a factor of dissipation
in the formation of the deformability process.

Figure 2 demonstrates the transformation of the conceptual model into a quantitative
and mathematically expressed format. The notations used in the figure are as follows:
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F(t)—impulse external force acting on the object;
R(t)—impulse of the force field acting inside the object;
m—mass of the object, absorbing the influence of an external impulse by means of a

force field pulse, which is formed on the basis of a superposition of force waves;
P—momentum;
ρ—density of the material through which the wave propagates;
V—object’s volume, absorbing the influence of an external impulse by means of a

force-field pulse, which is formed on the basis of a superposition of force waves;
υ—velocity of particles exposed to the force field that is dependent on the transverse

Ct and longitudinal Cl wave propagation speeds in a particular medium;
E—Young’s modulus or the modulus of elasticity;
µ—Poisson’s ratio;
α—angle of wave propagation is defined as the angle in the vertical plane between

the radius of wave propagation at a specific point of the medium and the direction of
propagation of the force impulse (ref. to Figure 1c);
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β—angle between the radius of wave propagation at a specific point in the medium
and the positive horizontal transverse direction of force propagation (ref. to Figure 1c).

The analysis of the conceptual apparatus describing the course of physical phenomena
yields the following statements:

1. Elastic waves propagate energy naturally;
2. The energy is proportional to the square of the amplitude of the waves, indicating that

the presence or absence of sufficient energy directly impacts the observed changes
in natural phenomena. The nature of wave propagation determines the processes
of deformability, which refer to changes in geometric, physical, and mechanical pa-
rameters in response to physical factors such as thermal, aqueous, acoustic, electrical,
gravitational, and radiation (nuclear, X-ray, etc.);

3. Adhering to the regulated parameters of waves during their superposition is crucial
for ensuring the proper functioning of elements and structures. These parameters,
including elasticity, stiffness, dissipation, and inertia, are indicative of natural phenom-
ena or processes of change observed during testing. By following these requirements
in accordance with operating conditions, we can ensure optimal performance and
reliability;

4. The study of elastic wave propagation in time and space establishes the cause-and-effect
relationship of dynamic stiffness values. This considers the elastic–dissipative character-
istics of track structure materials, the geometry of each track structure element, and the
relationship between the time of load action (which depends on the speed of movement)
and the time of load absorption by each element;

5. The analysis of elastic wave propagation in time and space determines the dy-
namic stiffness of objects under various dynamic loads and identifies the causes of
these effects.

Figure 3 shows three-dimensional diagrams of the propagation of elastic waves with
longitudinal and transverse waves. A loading diagram of a rectangular object is also shown,
with a load applied to its upper face at point O. Pure longitudinal waves propagate in the
direction of the load, whereas pure transverse waves propagate perpendicular to it. In all
other directions, both types of waves propagate, as shown in Figures 1c and 2.

A detailed description of Figure 3 follows below.

1. The ellipsoids’ surfaces 1, 2, and 3 clearly illustrate the spatial front of wave propaga-
tion and the equipotential surfaces of amplitudes, forces, momentums, and energy at
times t1, t2, and t3.

2. Cylinders 4, 5, and 6 with radii t1Ct, t2Ct, and t3Ct exhibit equipotential surfaces of
moments of forces concerning the direction of force action from times t1 to t9 with
confidence.

3. Circles with radii t1Ct, t2Ct, and t3Ct unequivocally represent isolines (contour lines)
of moments of forces relative to point O. These circles are located on the surface
perpendicular to the direction of load action at times t1, t2, and t3.

4. The cone surfaces 7, 8, and 9 with the vertex at point O and the axis in the direction of
force represent equipotential surfaces of angular momentum at times t7, t8, and t9.

The above properties of waves during propagation are used to define electric fields,
equipotential surfaces, the Umov–Poynting theorem, and Ampere’s right-hand grip rule.

The mentioned features of elastic wave propagation lead to the fact that the volume
where the propagation of waves occurs over time, with the center of mass being in the
direction of the force, can be considered for any impacts. This enables researchers to use
the theorem of motion of the center of mass of the system. According to the theorem, the
center of mass moves as a material point, having a mass equal to the mass of the whole
system and being under the action of all external forces applied to the points of the system.
It is therefore not difficult to find the amplitude for the center of mass and proceed to the
determination of the amplitude at any point of the medium where the waves propagate,
taking into account the time for the waves to reach these points (dmin − dmax).
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The law of conservation of energy in wave propagation helps create a chain of inci-
dents: Ainc; reflection: Are f l ; refraction: Are f r, as an obligatory element of the method of
elastic wave propagation when reaching any barrier location, whether it be the geometry
of the object or the presence of a defect, while accounting for the presence of critical angles
of propagation in the material (Figure 4). Consequently, constructing wave propagation
regions over time allows for the modeling of the stress–strain process occurring from
impacts at any point of the system under consideration, in view of the time when these
points are reached by waves, without the use of differential and integral calculus but with
the help of vectors.
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Usually, the elements of a dynamical system are in constant contact, and most often
dealing with the superposition of quasi-spherical waves over time—wave fields—presents
the main difficulty in calculating the stress–strain state/process parameters of elements
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using wave theory. However, this approach has tremendous advantages for understanding
the physics of a dynamic process (natural phenomena occurring during dynamic processes)
over time, along all directions, and, if necessary, integrally:

Impact impulses Fi of the incident waves carry energy and characterize the momentum
(as a measure of the quantity of motion Pi) for the potential interaction of both elements
and the dynamic system;

Impact impulses of reflection waves Fi carry energy and characterize the momentum
Pi for the dissipation processes occurring during the interaction;

Impact impulses Fi of refraction waves carry energy and characterize the amount of
motion Pi, which determines the inertia of the behavior of the considered elements and the
dynamic system itself after the interaction.

Thus, the description of dynamic processes with the help of wave theory allows for
modeling time-varying wave fields of various parameters (forces, stress–strain, energies,
amount of motion, amount of heat) having analytical dependencies dynamic in time and
space. This requires the use of artificial intelligence to predict the scenario of processes
depending on all initial factors, conditions, and their combinations.

3. Evaluation of The System of Traditional Approaches, Methods, and Techniques for
Determining, Measuring, and Evaluating Parameters of Railway Track Condition
Monitoring in Terms of ‘Awareness’
3.1. Analysis of Current Modeling Concept Problems

A review of articles [45–48] provides a very efficient analysis performed in the consid-
ered area, which showed that:

1. ‘Recent decades have shown a certain evolution of approaches to monitoring the
condition of various rail transport systems, especially in the context of rail vehicles
and track subsystems. The approaches applied to the monitoring of the condition
of the rail infrastructure have evolved from manual maintenance, through methods
connected to the application of sensors, to the currently discussed today focused on
the terms of Industry 4.0′;

2. ‘The application of new concepts triggers a number of potential research agendas that
may be developed in the coming years, in addition to those that are still in progress.
One of these relatively novel research agendas connected to changes in condition
monitoring results from the development of the concept of Industry 4.0. This research
agenda can be expressed as a requirement for the automation of diagnostic procedures
and methods of generating large amounts of data, which drives the need for more
sophisticated methods of autonomous interpretation of vibration-reliant condition-
monitoring data. In turn, a large amount of monitoring leads to the collaborative term
of Industry 4.0 as big data. This is worth considering in accordance with the discussion
of particular aspects of big data applied in condition monitoring in the past decade,
such as volume, velocity, variety, veracity, and value. Furthermore, discontinuation of
onboard data computing is still a challenge and seems to be a research agenda for the
next several years, especially given that the quantity of data continuously increases as
an exponential or power function in relation to, for example, the number of sensors
used and their measurement directions. This may be supported by the application of
various methods of artificial intelligence’;

3. ‘In general, a separate research agenda is to consider the appropriate number of
sensors used for a specific need and to determine where to locate these sensors’.

According to the authors of this article, the concepts of real-time computing (RTC)
and real-time mode can be used as the main factor of progress, promoting the development
of technical and technological processes. However, there has been no progress in pairing
these concepts. Hence, the following basic approach towards learning about the dynamic
processes remains:

1. Data observation and registration;
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2. Selection of function or approximation (which is also selection), taking into account
certain conditions under consideration, i.e., establishing correlations between parame-
ters under consideration;

3. Clarification of actual process by taking into account the probability of occurrence
of factors.

In terms of the general consideration of motion, the consideration of and relation
between the impulses of different contacting surfaces under the existing concept of track
condition monitoring during the passage of a rolling stock on the track by means of
numerical modeling should be analyzed.

It should be noted that the current development of computer calculus enables the
extension of the scope of modeling, initially based on the theory of elasticity. It has therefore
become easier to transition from rod calculations to solid modeling of objects with a length
much greater than the mass involved in the process.

The development of numerical modeling has essentially contributed to the develop-
ment of the concept of ‘influence line’, and it has been used to represent spatial changes
in the physical field rather than changes in the position of the line from initial to loaded
states and back. Moreover, the question of considering the influence of geometric shapes on
their stress–strain state within existing objects has been fully resolved within the existing
concept. Interpretation of the change in the values of input/initial/baseline data over time
continues, presenting the main challenge when describing a dynamic process.

Historically, until some time ago, modeling of track and rolling stock operations used
to be performed separately.

Impacts that simulate vibrations on the track side were used when modeling the
stress–strain state of a rolling stock as an impact impulse (input data). Their value did not
correlate at all with the actual structures or the physical and mechanical characteristics
of the track elements. For this purpose, records made during the passage of rolling stock
along straight and curved sections of the track, which have different technical conditions,
were known as the so-called ‘patterns’.

When modeling the stress–strain state of the elements and the track structure, the
input value is the impact of the rolling stock. For this purpose, a method was developed to
calculate the change in the force value depending on the type of rolling stock, its velocity,
and the condition of the wheels.

In modeling for both objects, it is common to describe the hardness parameters of the
elements using stiffness, damping, and input masses actively or passively in the process.
Different approaches that combine track and rolling stock models have recently been
explored within the existing conceptual vision. As a result, the conceptual vision is reduced
to a rigid overlap in time of available results calculated for separate sub-models of track
and rolling stock.

For example, paper [49] shows one of the recent modeling approaches using machine
learning to monitor the technical condition of the track. The authors of this paper stress
absolute solidarity with the authors of the above article in terms of the approach considered
within the existing conceptual vision. The work provides great detail and enables us
to demonstrate the classic interpretation of the existing conceptual vision. Therefore,
Figures 5–8 show the tracks and rolling stock models adopted for numerical modeling, as
well as their integration into a single model and the dependence of the change in track
hardness due to the change in ballast layer stiffness, adopted according to the ‘rail profile
of class 4 irregularities’, which is generated randomly, according to the US Federal Rail
Administration guide.
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Figure 5 suggests that the quasi-dynamic model of track and rolling stock interaction
is considered. In this model, the position of the rolling stock along the length of the
track characterizes the global matrix, that is, the values of the involved masses, stiffness,
and damping, taking into account the data obtained for the track and rolling stock sub-
models [49,50].
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Neither the initial data nor the equations for solving the global matrix provided in
the paper consider time as a parameter of events in the process during matrix formation.
The approach towards ensuring discrete balance between different elements of the system
facilitates calculation by introducing boundary conditions. This leads to a situation where it
is impossible to identify the values of element parameters that would otherwise potentially
lead to unbalanced states of the systems, unless the accepted boundary values are violated.

The approach of calculation implies that reaching the boundary value is a risk, without
taking into account the influence of time on the emergence of critical situations, since it is
assumed that a critical situation inevitably will emerge as a result of critical impact. For
example, a maximum force will inevitably produce maximum deflection, regardless of the
time the force is applied.

In case existing methods of calculation are applied to investigate the movement of the
wheel on the rail and evaluate the changes that will take place when increasing the speed
of the rolling stock, the following dependencies would be found:

• Directly proportional slow increase in (i) values of the force from the rolling stock,
(ii) wheel/rail contact area, (iii) contact span with increasing train velocity;

• Rapid curvilinear decrease in (i) the value of wheel–rail contact time and (ii) momen-
tum with the increasing speed.

The second dependence is not used in the existing methodology for calculating the
path for strength and stability, but it is illustrative in the analysis of the physical process,
demonstrating the reduction in the amount of motion (momentum) in relation to the inertia
of the system.

The specified dependences are confirmed in practice, first, by the reduction in rail
deflection at increasing rolling stock velocity along the track, regardless of the increase in
force dynamic additive, despite the use of a directly proportional dependence between
rail deflection and the value of the impact force in the method of strength and stability
calculation of the track.

Second, they are confirmed by the acceptance of vibrations not by all elements of the
track structure, but by the transfer of the main oscillatory processes to the ballast layer
when the train velocity increases.

Thus, the approach that implies reaching the boundary values for the formation of
a critical situation is not acceptable. Hence, the solution used to help the researchers in
determining critical situations in the provision of strength and stability becomes a barrier
to solving functional safety.
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Figure 6 demonstrates a commonly used classical track model. Experiments have
been conducted abundantly for this model to confirm its performance in determining track
deflections [49,51–53].

To date, there is no normative classification or methodology to determine the influence
of dissipative processes within each element of the track structure and at the transition from
one element to another, depending on the value of the operational impact of the rolling
stock (at least the values of the impact forces and velocity, without taking into account the
position of the wheel pair relative to the track) on the formation of the vertical deflection
of the rail under the passing track measuring car. Such information would be very useful
for the development of modern methods for the determination of the ratio of (i) actual
track operating conditions, (ii) interrepair life, and (iii) characteristics of track structure
elements, from the perspective of track operation. In addition, this information would be
very helpful in modeling changes in the track technical condition depending on the actual
train traffic along the track span under consideration.

This is due to the fact that information of this kind of dependence enables the com-
parison and analysis of track conditions in view of the velocity of the track measuring
car and the recalculation of the same readings generated by the impact of a certain track
measuring car for trains with other operational impacts on the span. The assumption that
effects instantly lead to reactions limits the possibility of obtaining this information.

If the assumption is left out, i.e., the process of force action is considered to be pro-
portional to the speed of energy movement in materials of the track structure elements,
without changing the method of calculation, it will simply add information about the time
after which each individual element and the whole structure will reach the maximum value
of deflection. This is due to the fact that the calculation approach has not been changed, and
the concepts of ‘external’ and ‘internal’ loads are used, involving the concepts of ‘elastic’
and ‘inelastic’ interaction and the equations for the ratio of the sum of momentum and
kinetic energy used to describe these interactions. Moreover, in reality, particle velocity
is the superposition of wave velocities in time at a certain location, since particle velocity
depends on (i) the characteristics of the impact impulses determining the character of
vibration of each particle, (ii) physical–mechanical, and (iii) geometric characteristics of the
structural elements determining the possibility of occurrence of different types of waves.
Therefore, ‘templates’ are used to add dynamics to the process (see, e.g., Figure 7) [49].

The cause behind this variation in stiffness and the geometric and physical–mechanical
characteristics of the ballast layer to which the stiffness applies remain unknown. It should
be noted that dynamic stiffness, as a response to impact, is different at different rolling
stock velocities (and, therefore, for different laws of impact impulse). The reason is that the
time of impact decreases with increasing velocity, while the time of passage of the impact
impulse to the boundary of the element where the reflection impulse is formed remains
constant. Thus, the phases of interaction impulses change at the superposition of incidence
waves and reflection waves, i.e., when considering processes inside elements at different
rolling stock velocities, even at the same function of its change. Figure 7 shows a record of
the variation in the stiffness of the ballast layer within the span.

Moreover, the location of the particle characterizes the period/time of its oscillation.
Hence, the approach itself is interesting in that measurement techniques and measurement
processing methods focused on the variation in the mean energy value for the time interval
that significantly exceeds the oscillation period are still used where vibrations are recorded,
which are a superposition of oscillations from the impact impulses of both track and
rolling stock. The decomposition of vibration processes into oscillations without taking
into account the phases and location practically reduces the possibility of explanation of
patterns of the physics of dynamic processes and establishment of analytical dependencies
to zero.

Furthermore, the failure to understand the physics of the process prevents researchers
from properly considering the issue of selecting the appropriate number of sensors with
certain characteristics and determining where the sensors should be placed and how. An
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example could be an attempt to analyze (‘comprehend’) Figure 7, in view of the reasons
behind the variation in the stiffness of the ballast layer stiffness, taking into account the
above aspects and the inertia of the sensors. In addition, when artificial intelligence
is used to process information, a solution is found to the conditions of ‘logical’ rather
than ‘real’ time. Figure 8 demonstrates the rolling stock model, which is also a classical
model [49,50,54,55].

It has already been mentioned in this paper that the elastic–dissipative relations are
determined by stiffness and damping, which depend on both material properties and
impact impulse characteristics. The values of the stiffness and damping coefficients refer to
the input data within the existing approach, so their values provide the results of discrete
step calculus in the modeling.

In the elasticity theory, such parameters as stresses are used. This parameter is often
used as a boundary criterion. In terms of physics, stresses are the pressure created by
the force. Like any pressure, it is an indirect parameter, since its value is determined by
measuring and assessing the sensor deformations. Furthermore, the elastic–dissipative
relationship depends on the mass involved in the process. Hence, the input masses also
serve as the initial value. Although mass, as a physical quantity, belongs to the basic units
of the measurement system, while force belongs to the indirect ones, the possibility of
setting or determining the value of force in an experiment is much higher compared to the
value of mass. Therefore, the basic technical unit in the theory of elasticity is force.

These three initial quantities are absolutely adequate in terms of their use when
considering static systems because, after being calculated, they show the possibility to use
an element or structure under the conditions defined in the problem statement. However,
there are difficulties in correctly estimating these values at this stage, as the system of
functional safety assessment system is centered on questions related to the expediency
and efficiency of the operation of the object under the predicted operating conditions and
maintenance system. The focus of the issue has shifted from the definition of characteristics
of the critical technical condition of an object to the determination of the relationship
between (i) actual track operating conditions, (ii) interrepair life, and (iii) characteristics
of track structure elements. This leads to the necessity to revise the formation of the
input data.

3.2. Discussion

The limitations of the current modeling concept are resolved by using a concept based
on the theory of elastic waves. The proposed concept takes into account the characteristics
of the primary impulse, the geometric characteristics of each element, and the three charac-
teristics of the element materials (Young’s modulus, density, and Poisson’s ratio) as input
data (see Table 1). This approach ensures a more comprehensive and accurate model.

Table 1. Input data for both modeling concepts.

Input Data

Proposed Modeling Concept Current Modeling Concept

Train Track

Young’s modulus of materials Wheelset mass Elastic modulus of rail
Poisson’s ratio of materials Bogie mass Rail cross-sectional area

Density of materials Car body mass Rail second moment of area
Geometric characteristics of element Moment of inertia of bogie Rail mass per unit length
Characteristics of primary impulse Moment of inertia of main body Rail pad stiffness

Primary suspension stiffness Rail pad damping
Secondary suspension stiffness Sleeper mass (half)
Primary suspension damping Sleeper spacing

Secondary suspension damping Ballast stiffness
Distance between car body center

of mass and bogie pivot Ballast damping

Distance between axles Ballast mass
Subgrade stiffness mean

Subgrade damping
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For the current modeling concept, dependencies are used using the concept of ‘time
step’ instead of the concept of ‘time’. Dynamic responses of the modeled track to a time
varying force are provided by the system of equations at each time step [49]:

Mt
..
yt + Ct

.
yt + Ktyt = fint (1)

where Mt, Ct, and Kt are the mass, damping, and stiffness matrices of the model, re-
spectively;

..
yt,

.
yt, and yt are the respective vectors of acceleration, velocity, and displace-

ment, fint represents the time-dependent dynamic interaction forces between the train and
the track.

The dynamic responses of the vehicle can be measured using the equations of motion,
represented by the second-order differential equation:

Mυ
..
yυ + Cυ

.
yυ + Kυyυ = fυ (2)

where Mυ, Cυ, and Kυ are the mass, damping, and stiffness matrices of the train model, re-
spectively;

..
yυ,

.
yυ, and yυ represent vectors of train acceleration, velocity, and displacement,

respectively. The dynamic interaction forces applied to the vehicle DOFs through the track
profile and rail displacements are contained in the vector fυ.

The train and track models are combined on the wheels, which represent contact
points, to form a coupled TTI system. Equations (1) and (2) are combined in such a way
that the corresponding DOFs from each model couple together, resulting in global matrices
of the system:[

Mυ 0
0 Mt

][ ..
yυ..
yt

]
+

[
Cυ Cυ,t
Ct,υ Ct

][ .
yυ.
yt

]
+

[
Kυ Kυ,t
Kt,υ Kt

][
yυ

yt

]
= F (3)

where M, C, and K are global mass, damping, and stiffness matrices, respectively; F
is the time-varying vector of interactive force applied by the train to the track. These
matrices are calculated at each time step according to the changing location of the traversing
train. Static forces, caused by gravity and the track profile, are also included in the force
vector. Equation (3) is solved using the numerical Wilson–Theta integration technique [49].
A Wilson–Theta (Θ) value of 1.420815 is used to ensure unconditional stability in the
integration process.

For the proposed modeling concept, this model combines three blocks: the mechanism
of the rolling stock impact on the track, the propagation of force waves in the elements of
the track structure, and the transition of a force wave from one element to another. The
calculation algorithm for the developed model is as follows:

LF = {{a1, a2, ai , . . .} , {b1, b2, bi , . . .}, {δ1, δ2, δi , . . .}},

PF = f (LF, V, F),

T = {{t1, t2, ti , . . .}} ,

K = {{ω1, ω2, ωi , . . .} , {s1, s2, si , . . .}},

ωi =
{{

g11, gi2, gij , . . .} ,
{

ϕ11, ϕi2, ϕij , . . .}
}

,

FA =
{{

A11, A12, Apl , . . .} , {{B11, B12, Bsm , . . .}},

Y = {{y11, y12, yik , . . .}} ,

(∀SF = f (K, PF, FA)) (∃RF = f (K, FA), ∀ωi|K) (Y = f (PF, RF, T)).

(4)

where LF, ai, bi, δi—trajectory of the wheels, the length and width of the contact area, the gap
between the wheel and the rail at the moment of contact, respectively; V, F, PF, T, ωi, FA, RF,Y—
loads, speeds of movement, load impulse parameters, time, track elements, force waves by direction,
reaction waves by direction, deformation states of the model, respectively; K, si, gij, ϕij, Apl, Bsm,
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yik—assembly of track elements, connections between elements, j element of the set of geometric
dimensions, and physical and mechanical properties of the element ωi, l, m element of the set
of parameters of propagation of longitudinal and transverse waves by direction, k element of
deformation states element ωi, respectively.

The system’s modeling properties are universal and unifying, as they allow for tracking
the influence of input parameters on the change in deformability processes over time. In
addition, the rate at which simulation results are updated and received is determined by
the speed at which elastic waves propagate through the material. This allows real-time
simulation results that are influenced by natural phenomena.

4. Approach towards the Design of the ‘Closed’ Measurement System

The pairing of the concepts of ‘real–time computing’ and ‘real-time mode’ for each par-
ticular case and application in different fields is essentially the establishment of expedient
synchronization parameters between accuracy and the possibility of describing, recording,
processing, and analyzing factors under consideration. In this case, the approach to creating
a ‘closed’ measurement system is based on the synchronization of the results predicted in
the models and the results registered during the measurement. The measurement system is
‘closed’ in terms of the predictability of the course of the process in time and space, rather
than the physical influence.

The concept of ‘real time’ of natural processes is related to the speed of elastic waves
or light in different media. Meanwhile, the concept of ‘real-time’ registration of changes
in various parameters is related to the ability of the equipment to locally register the
consequences of the superposition of waves in time, taking into account the inertia of the
measurement system itself.

Thus, to implement ‘conscious’ measurements, it is necessary to model the processes of
change in the registered parameters in order to predict and identify the expected resulting
patterns, taking into account such ‘random’ factors; for example, the influence of wheel
pair position when passing down a railway track on the correlation of force and geometric
parameters of the system.

Whereas the speed of processes is different in different media, and the speed of wave
propagation in precision modeling is considerably higher than the speed of registration
of processes, it is also necessary to establish expedient correlation dependencies between
the mentioned processes. Consequently, at a certain stage, it is necessary to ‘refine’ the
modeling results in order to compare them with the registration results. This, however, is
accompanied by a substantial advantage: the concept of ‘real time’ is not replaced by the
concept of ‘logical time’.

Another advantage of the approach towards the design of the ‘closed’ measurement
system is its versatility in terms of consideration processes in view of conditions. For
example, the description by means of impact impulses propagated by elastic waves is
absolutely identical to the description of processes of track–rolling stock interactions both
at high-speed movement and at freight velocities with different axial loads. Therefore, the
physics of the process is clear and explainable without specifying the exposure conditions.

A single system of change in force and geometrical parameters in time can be designed
with a certain combination of measuring systems used for the registration of geometrical
parameters in track measuring cars and elastic processes on loading trains [56–62]. It would
allow us not only to estimate the condition of the track, taking into account the rolling
stock, but also to predict the course of stress–strain processes of the track depending on the
impact of the actual train traffic on the considered track [63–66].

The application of elastic wave theory in the geometric setting during modeling offers
the third advantage of the approach to the design of ‘closed’ measurement systems [67–72].
The third benefit lies in the fact that no additional artificially imposed constraints, such as
boundary conditions, are needed in the consideration of the process of propagation of the
impact impulse by means of elastic waves in different directions. The process takes place
by utilizing the properties of waves.



Sustainability 2024, 16, 3180 19 of 23

As mentioned above, incidence waves carry the impact energy, reflection waves carry
the dissipation energy, and refraction waves carry the inertia energy. To depict this process,
the sports relay race could be taken as a physical equivalent. Let us assume that players
start running at the same speed in each direction of wave propagation. Two other players
are standing on the path of intersection of the wave propagation beam with the medium
boundary in each direction. These players carry the baton beams in the directions of
reflection and refraction of these beams at the corresponding velocities and with the energy
transferred by them from the incident wave player, taking into account the law of energy
conservation when the waves reach the medium boundaries at different angles in different
directions. Each player’s relay will end at the point where everyone’s energy is zero. Each
player’s energy to run decreases as the distance increases, and if the players’ directions
cross, their energy decreases to account for the collision. If each player’s energy change
were recorded, a result would be the vector process of energy change in time and location
by players in the form of a field. There is no need to comply with the entropy conditions in
this process. There is a goal to run to the end point, since there is no movement without
energy, and the amount of energy determines the possibilities of this relay. In addition, the
reason for the energy waste in time at any relay location is always known. In this case, there
is no need to resort to coefficients to describe the processes of dissipation and inertia, as
exact information about the player, the direction, and time of collision with another player,
as well as the span each player will make, is available.

Thus, modeling and registering the processes of propagation of force influence and
geometric changes allows for obtaining additional knowledge about dynamic processes
and using them in the design of new systems for specific tasks under specific conditions.

Moreover, the geometric propagation of elastic waves characterizes the amount of mass
involved in the process at a given time. The relationship between parameters such as force,
amplitude, and energy always allows us to estimate and find any of these parameters at a
particular location and time. Thus, there is a shift away from the definition of mechanical
hardness and reduced masses, and details of these characteristics by elements of the system
‘rolling stock–track’ are added.

5. Conclusions

The article discusses the importance of updating the integrated approach to assessing
changes in the technical condition of railway tracks under rolling stock influence for
functional safety assessment. It emphasizes the necessity of combining human intelligence
and creativity with artificial intelligence to enhance efficiency.

The proposed ‘closed’ measurement system is designed to enhance comprehension of
natural processes and utilize this knowledge for technosphere development, promoting
environmental sustainability and resource provision for sustainable transport.

The novel concept emphasizes utilizing scientific advancements to elucidate physical
changes in structural elements and railroad track structures. The key contribution of this
research is the development of the ‘closed’ measurement system, which synchronizes
predicted and registered results to ensure process predictability in both time and space.

The original contributions of this research are outlined below.

1. Development of a ‘closed’ measurement system that synchronizes predicted and
registered results for process predictability.

2. Establishment of ‘real-time’ concepts for natural processes and equipment registra-
tion, based on the speed of elastic waves or light and the ability to register wave
superposition effects.

3. Introduction of ‘conscious’ measurements that require modeling of parameter changes
to predict patterns, considering various factors; for example, wheel position on railway
tracks.

4. Creation of a versatile approach for consistent process description across different
conditions, such as track–rolling stock interaction at various speeds and loads with
different track structure characteristics.
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5. Provide the basis for a unified system of track condition assessment and stress–strain
prediction based on actual train traffic.

The paper demonstrates that a reasonable and informed change in conceptual vision
helps expand the scope of the problems to be solved in an analytical setting. In the future,
the authors intend to provide a practical rationale for the proposed approach to constructing
a ‘closed’ measuring system by conducting experimental studies both in a laboratory and
on an actual railway track.
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