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Abstract: The dynamic process of the railway track–rolling stock interaction is characterized by time-
dependent dynamics that are determined by both the varying characteristics of the interaction objects
and the varying climatic conditions. This study investigated the effect of different groups of influence
on the dynamic process, with a view towards the reduction of the cases of randomness during the
registration of the process in experiments and an expansion of the understanding of the processes
happening during the assessment of the registered data. The static nature of the rolling stock has
been demonstrated to be not uniform and to influence the scattering of dynamic values under the
variation of vertical and horizontal forces due to the characteristics of a rolling stock. The position of
the rolling stock truck relative to the track axis during the movement of the rolling stock has been
shown to enhance static non-uniformity. The results of the longitudinal force measurements under
the three-point and Schlumpf methods have suggested that it is necessary to investigate the process
of rail warping under the action of the rolling stock wheels. To enhance the output of the experiments,
it is proposed to consider not only the stiffness of the basis of the oscillatory processes that imitate
the physical process of oscillation of the system elements by means of the oscillation amplitude, but
also the time of response to the oscillation process by using and assessing the triggering time rather
than the frequencies of the oscillation processes.

Keywords: dynamic process; rolling stock; railway infrastructure; dynamic load; functional safety;
deformation; experiments; measurement; life cycle

1. Introduction

Although usually the most expensive element of any knowledge-building activity,
experiments are an inseparable aspect of any new knowledge and are necessary to verify
theories, upscale theories to cover more than one area, determine correlation dependencies
in order to reinforce existing theories, and verify and validate technosphere objects. In fact,
tracking conditions are also experiments that take place over time [1–5].

Analysis of the existing methodologies for the conduction of experiments utilized in
the verification and validation of rail track elements and structures, and in the investigation
of the influential issues of rolling stock on rail tracks [6–11], has suggested that the concepts
and ideas about the process to be measured, based on the theoretical fundamentals of deter-
mining strength, stability, and fatigue strength [12–19], are the determining factors during
the setup of an experiment. These properties of the elements and structures determine
their suitability for their intended functions under the defined operating conditions and
the maintenance system. Nevertheless, the above properties do not account for the aspects
of functional safety, i.e., for the rationale behind the use of these properties on the basis of
risk assessment.
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Consideration of the aspects related to the operation of transport infrastructure
throughout its life cycle is closely related to the aspects of design, operation, and repair of
two components: the elements and structure of the rail track and the elements and struc-
tures of the rolling stock [20–30]. Consideration of the requirements of both components
helps explore and understand the nature of the development of certain phenomena [31,32]
in the process of the interaction between the components. These phenomena influence the
functional safety of transport infrastructure [33–43].

The difficulty lies in the fact that the interaction between track structure and rolling
stock is a dynamic process, and the technical condition of both the track structure and its
elements is determined by dynamic change. Dynamic change occurs during operation and
depends on the influence of the characteristics of the impact of the rolling stock [44–46]
and on the influence of changing climatic conditions. Geometric measurements are a
considerable part of the measurements that characterize the condition of the track [4,47–51].
They are included in the track condition monitoring system [52–59] to determine the
beginning of the technical states that require intervention to restore the operable state to a
certain level. Exploring the causes of these technical states is the basis for a longer time-
dependent track state prediction [60–70]. However, the variety of factors that are present
in different spans of the rail track and influence its state impede attempts to understand
the patterns behind the variation of the dynamic processes of the vehicle–track interaction,
adjusted for the effect of the structure of the state of the track as a whole and of its individual
elements. Therefore, the present paper aims to identify and investigate the conditions that
restrict the assessment of dynamic processes of vehicle–track interaction by means of
experiments on the action of the rolling stock on the rail track.

2. Measurement Methods

Resistance strain gauge schemes installed on the rail track and depicted in Figure 1
were used to measure the dynamic vertical forces exerted by the wheels of the rolling stock
on the rails. Resistance strain gauges 1–2 were installed in pairs on the rail web on the inner
and outer sides of the rail, at the level of the neutral axis of the rail in the rail section of
interest. The required number of rail sections to measure the vertical forces was determined
by using the respective software application and testing methodology. The general rule
was that the minimum number of sections was 8 for the turnouts and 16 for other tested
spans [69].
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A calibration check of the strain gauge schemes was performed by running the rolling 
stock or applying the reference loads. The rolling stock moved at the velocity of 5 to 10 

Figure 1. Resistance strain gauge layout (a) and connection scheme (b) for vertical force measurement.
Points a, c—measurement diagonals; d, b—bridge feed; 1, 2, 3, 4, 5—reference numbers of the
resistance strain gauges; P—vertical load.

A calibration check of the strain gauge schemes was performed by running the rolling
stock or applying the reference loads. The rolling stock moved at the velocity of 5 to
10 km/h [69]. The respective loads were considered static and were equated to the values
determined for each wheel during weighing.



Sustainability 2023, 15, 5356 3 of 20

To measure the lateral forces exerted on the rail head, the resistance strain gauge
schemes installed on the rail or for the rolling stock wheel plates (strain gauge–wheel pairs)
were used. The strain gauge schemes installed on the rail can be used to measure the lateral
forces by one of the following two methods:

• Method 1 involves experimentally determined tensile stress values on the lateral side
of the rail base and the outer side of the rail head (three-point method) [69].

To obtain the lateral force value, it is first necessary to determine the stress on the
lateral sides of the rail base and at the outer side of the rail head by using Method 1. To
determine the stress on the outer side of the rail head, the resistance strain gauge was
installed 13 mm lower than the wheel rolling surface on the rail. The sensor layout is
presented in Figure 2.
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Figure 2. Resistance strain gauge layout for lateral force measurement with Method 1. Y—lateral
force; 1, 2, 3—reference numbers of the strain gauges.

• Method 2 is based on the difference between the opposite bending moments emerging
in the rail web under the action of lateral forces (Schlumpf method) [69].

Under the Schlumpf method, the resistance strain gauge schemes installed on the rail
web are used to measure the lateral forces based on the difference between the opposite
bending moments emerging in the rail web under the action of lateral forces. Strain
gauges 1–4 (Figure 3) were placed in pairs in the measured section of the rail on the inner
and outer sides of the rail web. The longitudinal axis of the strain gauges was located above
the neutral axis of the rail cross-section (strain gauges 1 and 2) and under the neutral axis
(strain gauges 3 and 4) in the sections with uniform web thickness.
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3. Measurement Analysis Results

As noted above, this article investigates the rail track under the action of the rolling
stock. In the analysis of restraining conditions of assessment of the dynamic processes
of vehicle–track interaction during the experiments, it was first necessary to establish the
approach towards this issue.

According to the existing approach, the oscillation process registered by the sensors
during the movement of the rolling stock was considered. In this case, the focus is placed on
the result of the superposition of various oscillations registered at a certain location of the
sensor and transferred further in view of the connection schemes for subsequent processing
and analysis. For example, a stage microphone during an orchestral performance registers
the time-dependent composition of the scores of each musical instrument rather than each
score of each individual instrument. Moreover, each sensor registers the oscillations not
only at a certain location, but also in a certain direction.

The described approach deals with a process that involves a multitude of different
factors that affect the registration process. These factors belong to the following main
groups of influence: (a) characteristics of the rolling stock [71–74]; (b) movement mode
of the rolling stock [75–78]; (c) climatic conditions [79–81]; (d) length- and depth-wise
characteristics of the rail track structure [29,82–85]; (e) characteristics of the measurement
equipment [86–90]; and (f) registration techniques [91–99].

Hence, analysis of the dynamic process was performed on the basis of the collected
statistics provided by the similarly installed sensors at different locations without consider-
ing the causes behind the oscillation of sensors during the passage of the rolling stock.

The above approach is fully acceptable for the determination of maximum values
during registration. However, it involves an excessively large number of random factors;
therefore, it is not suitable for the assessment of the dynamic processes that occur in the
track structure during the passage of the rolling stock. Figure 4 shows the sensor layout on
the straight track span and the rolling stock that exerted the influence under evaluation.
The geometric characteristics of the railway track during the experiment corresponded to a
good technical condition. The stiffness modulus was 25 MPa.
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Figure 4. Schematic sensors on the track and a diagram of rolling stock: E—sensors for measuring
stresses at the edges of the rail foot; P—sensors for measuring vertical forces; Y—sensors for measur-
ing lateral forces according to the three-point method; S—sensors for measuring lateral forces under
the Schlumpf method; L—sensors for measuring longitudinal forces; blue points—the determined
positions of the wheels of the rolling stock.
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Therefore, for the purpose of subsequent analysis, the influence of the specified groups
on the dynamic process was investigated in view of the reduction in the randomness of the
occurrences during the process registration in the experiment. The analysis was performed
using the experimental data obtained during the tests on the influence of passenger rolling
stock on the rail track.

Figures 5 and 6 show photographs of the actual layout of the sensors in the span and a
fragment of the wagon truck.
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The vertical static load had to be determined by weighing in order to conduct the
experiments. The static vertical load was considered to be the load of the rolling stock
unit on the rail per pair adjusted for the actual position of the center weight of the bolster
assembly. Wheel weighing of the rolling stock units was performed to determine the
conditions of its state of serviceability (operating condition).

The results presented in Table 1 demonstrate the non-uniformity of not only the
axle weight values of wagons of the same type, but also the weight difference between
the wheels on the same axle. These characteristics belong to group (a) (characteristics
of the rolling stock) and are considered primarily in the investigation of occurrences of
randomness during registration of the force actions by the rolling stock on the track. This
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is absolutely acceptable for any unit of a loaded rolling stock, but implies a considerably
non-uniform static character of the rolling stock. This non-uniformity subsequently affected
the scatter of dynamic values during the measurement of vertical and horizontal forces
in the experiment. These characteristics belong to group (b) (movement mode of the
rolling stock) and amplify the factor of randomness occurrences during the registration of
the vehicle–track interaction process in the experiment. The results presented in Table 1
demonstrate the non-uniformity of not only the axle weight values of wagons of the same
type, but also the weight difference between the wheels (wheel profile PRICAR R7) on the
same axle.

Table 1. Rolling stock weighing data results.

Type of
Wagons Axle Axle

Weight, kN Average Left
Wheel, kN

Right
Wheel, kN

Difference
between

Wheels, %

A
1 210.6

206.7
107.4 103.2 3.9

2 202.8 102.6 100.2 2.3
30 206.6 105.0 101.6 3.2

B 29 200.4 200.4 99.4 101.0 −1.6

C
3 168.8

170.3
88.2 80.6 2.5

4 171.8 89.4 82.4 7.8

D 15 185.6 185.6 99.8 85.8 14.0

E 16 189.2 189.2 101.8 87.4 14.1

F

5 172.4

174.3

91.4 81.0 11.4
6 173.8 83.0 90.8 −9.4
7 172.8 93.2 79.6 14.6
8 174.4 84.0 90.4 −7.6
9 173.8 92.6 81.2 12.3

10 173.8 85.6 88.2 −3.0
11 173.4 95.4 78.0 18.2
12 173.4 83.4 90.0 −7.9
18 175.4 83.6 91.8 −9.8
19 174.8 96.0 78.8 17.9
20 175.4 83.8 91.6 −9.3
21 175.4 95.2 80.2 15.8
22 174.4 84.8 89.6 −5.7
23 173.8 97.2 76.6 21.2
24 174.2 82.2 92.0 −11.9
25 174.4 94.6 79.8 15.6
26 173.8 82.6 91.2 −10.4
27 173.6 95.4 78.2 18.0
28 178.6 85.6 93.0 −8.6

G
13 172.4

176.2
95.2 77.2 18.9

14 180.0 87.0 93.0 −6.9

I 17 183.8 183.8 91.2 92.6 −1.5

Figure 7 shows (i) the values of vertical forces obtained during the wagon wheel
weighing; (ii) the values registered for one of the passages of the rolling stock through the
defined zone; and (iii) the interval of the maximum values observed during the unification
of data for all axes and points of measurement during all the passages at the same speed as
a single passage. It should be noted that two samples were automatically formed during
the sampling: one sample for loaded wheels, and another for unloaded wheels. As a result,
two values of the maximum observed dimensions were obtained.
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For the purpose of the existing methodology, to assess the influence of vertical forces
on the rail track, the values of vertical forces should not exceed the dynamic load (210 kN)
exerted by the wheel on the rail [69]. The permitted value must not be exceeded, and the
bottom values were not the limiting factor, as the investigation deals with the influence of
the passenger wagons. The indicated value of the allowed load was considerably higher
than the load resulting from the influence of the passenger wagons. This implied a possible
2-fold increase in the dynamic value of vertical load for specific rolling stock in relation to
static load. This situation is related to the principles of elasticity theory that underpin the
measurement methodology, as this approach is aimed at the identification of maximum
values. Restraining requirements were introduced to rule out the ambiguity of the situation.
The first requirement was the correspondence of the random values measured in the
experiment to the normal distribution, i.e., the non-uniformity of the influence of different
factors on the analyzed value, and the values not corresponding to this distribution were
ruled out from the consideration. The second requirement was that the values scattered
in the sample within the respective recommended value of the coefficient of variation
should be considered. In view of this requirement, the sampling was performed without
an analysis of the causes of elimination of the values measured in the experiment. As
suggested in Figure 7, the results of the single passage did not meet the requirements set
above and were excluded from consideration. The reason for the elimination was that the
results were considerably lower than the values that met the above requirements. The
results related to these values are presented in Figure 5 as an interval of maximum values
during the unification of the data for all axes and measurement points. However, the scatter
of dynamic values of the vertical forces measured in the experiment was determined by
factors such as the wheel pair relative to the track section equipped with the sensors that
formed the contact plane for each section, as well as the function that characterized the
pattern of the variation of wheel–rail interaction (change of value and direction) within the
contact plane during the interaction period for each track section. The two samples, based
on the results of the recording of lateral forces and stresses at the edges of the rail foot, were
automatically formed in the same way, and unification was carried out according to the
position of the wheel pair relative to the track axis. The difference between them was only
the number of combined values, which is explained by the different number of sensors
used to measure the values of lateral forces and stresses at the edges of the rail foot in the
experiment. As a result, samples were proposed with minimum to maximum intervals of
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values of 18.28 to 48.76 kN for lateral forces and 17.92 to 80.87 MPa for stresses at the edges
of the rail foot. Therefore, there should be a range of dynamic values of vertical forces
observed during the influence of specific static loads exerted by the wheels on the rails
during the movement of the wheels at different velocities. The range should be determined
by the two factors mentioned above and characterize the influence of the rolling stock on
the track.

The maximum values of vertical forces themselves did not qualify as functional safety
of the influence of the rolling stock. The reason was that, in accordance with elasticity
theory, the track elements and structure accepted the mode for which they had initially
been designed under the influence of quasi-dynamic vertical and horizontal loads rather
than the complex processes that would vary and accumulate over time. These processes
will lead to loss of stability and the emergence of defects in the tracks and structures under
the action of dynamic forces with vertical, horizontal, and longitudinal components.

The investigated time of the rolling stock truck had the lowest number of random
factors that influenced the value of the dynamic forces exerted by the truck wheels on the
rail. This was related to the single-axle type of truck (Figure 6) used; that is, the influence of
a single force was considered. Moreover, the truck structure restrained the swaying motion
as the truck was a tilting train-type truck. Therefore, the possibility of dynamic increases
due to the effect of the wheels of neighboring trucks was ruled out, and the deviation range
of the dynamic increases related to the values of the direction of the force during movement
was restricted. The dimension of the direction of the force from the wheels to the rails was
related to several factors.

First, rolling stock trucks are known to have a sinusoidal movement shape along the
track in the case of an ideal track condition and ideal mode of movement of the rolling
stock. Under the conditions defined, the wheel pair showed a symmetrical movement
trajectory along the rail track during movement. The trajectory may be represented as the
movement from the central position of the wheel pair relative to the track (the position
where the track axis matched the kinetic axle of the rolling stock) towards the outer rail
(reaching the maximum deviation from the central position by either resting and scrolling
of the wheel on the rail or smooth turning without resting on the wheel). Then, the reverse
movement to the central position of the wheel pair relative to the track took place. The
following part of the movement towards the inner rail could be considered as a reverse
symmetry of the preceding movement of wheels towards the outer rail. Detailed analysis
of this movement showed that the force of action of the wheels on the rail during its
projection had not only vertical and/or horizontal components, but also a longitudinal
component that influenced the dynamic increment of vertical forces without restraint, as
an increment caused by the restraint of the horizontal forces during a tilting train-type
truck movement. The principles of elasticity theory ruled out any consideration of the
influence of longitudinal forces on the rail track. Longitudinal forces were not considered in
rail track strength and stability calculations. Moreover, elasticity theory does not consider
the warping of the rail section in general and, specifically, in the evaluation of the share
of influence of the longitudinal forces. Therefore, typical experiments do not involve the
registration of these forces. In the experiment carried out as part of the study, the installed
sensors were used to record warping processes in both the longitudinal sections and the
cross-sections of the rail. Warping in the cross-section of the rail was of particular interest,
as it is usually not accounted for during the design of the clamping structures for the
reinforced concrete sleepers of different configurations. For the purpose of comparison, the
sensors measuring the forces in the cross-section of the rail by using the three-point method
and the Schlumpf method were installed. Furthermore, the sensors measuring the lateral
forces using the Schlumpf method were installed at different positions: sensors 1 and 2
and sensors 3 and 4 were positioned in the same section at distances of 50 and 100 mm
from each other (Figure 8). According to the results of the experiment, the horizontal
force was adequate with respect to the values measured using method 1 (the three-point
method) with the sensors offset by 50 mm compared to the values provided by the sensors
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positioned in the same section or offset by 100 mm. The processes recorded by the sensors
that were installed without an offset differed significantly from the other two cases, both
by sign and by the horizontal force values, which were 1.26 to 1.63 times higher than the
values registered by the sensors offset by 50 mm. The processes registered by the sensors
offset by 50 mm and 100 mm were similar in their nature. The force values registered by
the sensors offset by 100 mm were 1.1 to 2 times lower than the force values registered
by the sensors offset by 50 mm. Thus, there was a range of dynamic forces characterized
by a certain range of vertical, horizontal, and longitudinal components. The probability
of its occurrence was determined by the probability of the occurrence of certain types of
wheel-to-rail contact.
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Figure 8. Measurement of lateral forces using the Schlumpf method (photograph taken by the
authors).

Table 2 presents the width values of the wheel-to-rail contact zone and the values
of the clearances δ between the rail and wheel flange in the case of the functionally safe
wheel-to-rail contact. It should be noted that the experiment took place on a track section
with a track gauge of 1520 mm and the railway track design included rails of the P65
type, which is absolutely non-standard for European road conditions, so these tables were
obtained in the process of modeling, taking into account the design features of the track.

Table 2. Width of the wheel-to-rail contact zone depending on the rail wear.

Vertical Wear, mm Horizontal Wear, mm Contact Zones, mm Clearance between Rail and Wheel Flange, mm

0.1 – 20.00 0 < δ < 22

1.7 – 49.10 0 < δ < 6.5

2 – 51.50 0 < δ < 6

7 39.63 0 < δ < 17.9

15 31.58 0 < δ < 25.9

18 28.58 0 < δ < 28.9

3 – 56.55 0 < δ < 4.5

7 42.16 0 < δ < 18.9

15 34.17 0 < δ < 26.9

18 31.17 0 < δ < 29.9

4 – 59.94 0 < δ < 2.0

7 43.85 0 < δ < 18.1

15 35.86 0 < δ < 26.1

18 32.86 0 < δ < 29.1
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A change in the width of the wheel-to-rail contact zone of the rolling surface led to a
change in the deformity process inside the rail even in the case of single-point contact of
the rail head with the rolling surface and uniform force direction. This was related to the
fact that the directions of the force influence inside the rail tended to change during the
travel of the contact plane along the specified zones.

Thus, in the same direction of the influence of external vertical force displaced transver-
sally to the rail head, the influence of the force inside the rail may reach the following three
surfaces: (1) rail base, (2) rail web, and (3) rail head (Figure 9).

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 20 
 

A change in the width of the wheel-to-rail contact zone of the rolling surface led to a 
change in the deformity process inside the rail even in the case of single-point contact of 
the rail head with the rolling surface and uniform force direction. This was related to the 
fact that the directions of the force influence inside the rail tended to change during the 
travel of the contact plane along the specified zones. 

Thus, in the same direction of the influence of external vertical force displaced trans-
versally to the rail head, the influence of the force inside the rail may reach the following 
three surfaces: (1) rail base, (2) rail web, and (3) rail head (Figure 9).  

 
Figure 9. Variants of the propagation of force inside the rail (1–rail base, 2–rail web, 3–rail head).  

This has a considerable effect on the stress concentration inside the rail. Due to the 
gradual reduction of the influence of the vertical dynamic force along the distribution 
length from the highest value at the rail head to the lowest value at the rail base, the forces 
accepted by the rail head were always higher than the forces reaching the rail base. When 
reaching any boundary of the rail, the force actions transitioned into a different medium, 
and if they reached the boundary of the rail head, complete deformation of the rail in the 
respective direction could take place, as the rail was not restrained by another element. If 
the forces reached the rail base, the subsequent force action was limited to the rail pad 
that was characterized by greater resistance than that of the air. Consequently, the rail 
deformations in this direction were smaller than the deformations of the rail that was not 
supported. Meanwhile, in both cases, the rail was subject to the deformation in the direc-
tion of force action as the rail stiffness was considerably higher than the air and pad stiff-
ness (and aggregate stiffness of the elements located under the rail). If an element with 
higher stiffness had been located under the rail, the rail would have had a different nature 
of deformation, i.e., it would have not extended in the direction of force action but would 
have rather compressed when the rigid medium had been reached. Therefore, the appear-
ance of defects in the rail head was considerably influenced by the action of dynamic 
forces that reached the corner of the rail head due to the direction of the action compared 
to the action of the dynamic force reflected from the base of the rail. Thus, there was a 
certain range of dynamic stages inside the state of the rail that depended on the wheel and 
the rail and the conditions of their interaction. The range was registered by the sensors 
installed at different locations.  

Third, each track structure was subjected to the dynamic process of deformation that 
depended on the aggregate state of elements comprising the track structure and on the 
state of the link between them. The non-uniformity of the states of a track’s structure along 
its length may be caused by the following: 
(a) Modification of the alignment and profile of the track structure; 
(b) Presence of constructive works and stop-off or crossing points; 
(c) Characteristics of train traffic of the track section; 
(d) Rolling stock movement mode; 
(e) Track maintenance system; 
(f) Climatic conditions of the region. 

Figure 9. Variants of the propagation of force inside the rail (1–rail base, 2–rail web, 3–rail head).

This has a considerable effect on the stress concentration inside the rail. Due to the
gradual reduction of the influence of the vertical dynamic force along the distribution
length from the highest value at the rail head to the lowest value at the rail base, the forces
accepted by the rail head were always higher than the forces reaching the rail base. When
reaching any boundary of the rail, the force actions transitioned into a different medium,
and if they reached the boundary of the rail head, complete deformation of the rail in the
respective direction could take place, as the rail was not restrained by another element.
If the forces reached the rail base, the subsequent force action was limited to the rail pad
that was characterized by greater resistance than that of the air. Consequently, the rail
deformations in this direction were smaller than the deformations of the rail that was
not supported. Meanwhile, in both cases, the rail was subject to the deformation in the
direction of force action as the rail stiffness was considerably higher than the air and pad
stiffness (and aggregate stiffness of the elements located under the rail). If an element
with higher stiffness had been located under the rail, the rail would have had a different
nature of deformation, i.e., it would have not extended in the direction of force action but
would have rather compressed when the rigid medium had been reached. Therefore, the
appearance of defects in the rail head was considerably influenced by the action of dynamic
forces that reached the corner of the rail head due to the direction of the action compared to
the action of the dynamic force reflected from the base of the rail. Thus, there was a certain
range of dynamic stages inside the state of the rail that depended on the wheel and the rail
and the conditions of their interaction. The range was registered by the sensors installed at
different locations.

Third, each track structure was subjected to the dynamic process of deformation that
depended on the aggregate state of elements comprising the track structure and on the
state of the link between them. The non-uniformity of the states of a track’s structure along
its length may be caused by the following:

(a) Modification of the alignment and profile of the track structure;
(b) Presence of constructive works and stop-off or crossing points;
(c) Characteristics of train traffic of the track section;
(d) Rolling stock movement mode;
(e) Track maintenance system;
(f) Climatic conditions of the region.
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During the experiment, the span already had the established state of the track structure
under the action of the above factors. The duration of tests per span of the operated track
could last up to two weeks depending on the test program, with an interval per day of
tests. Each day of tests started and ended with a calibration check, and the repetition of
the process was mandatory in case weather conditions changed during the test period.
This technological aspect of the process of testing the action of rolling stock on the track
emphasizes the possibility of variation of the experimental data even when invariable states
of the track section and rolling stock are tested and even when the calibration check is
performed within the invariable velocity range. A maximum of 5% error had to be applied
to the measurement and registration of experimental values of the indicators of action of the
rolling stock on the rail track and in turn [69]. The registration of vertical forces of action of
rolling stock on the rail track and turnouts had to ensure statistical data processing within
the range of frequencies 0–250 Hz [69]. The aspects of the sensitivity of the equipment
used and the application of the filters to receive adequate experimental data were subject
to different variations and were crystallized by means of practical experience, as elasticity
theory did not explain the pattern of time-dependent propagation of the force actions in the
rail structure. Therefore, where the existing quasi-dynamic model used in the track strength
calculations was considered, the following should be expected a rolling stock velocity of
30 km/h and with complete disregard for the elements of the reaction of the track structure
to the dynamic action of the rolling stock per second of the digital record: 87 reflected
waves for the whole structure, 335—without the roadbed, 457—without the sand bed and
road bed, 5400—without the ballast (soil–sand–crushed ballast), 14,000—from the rail only.
In total, 20,279 impulses should be expected. At least five surface processes were excluded
from the above simplifications. Performing the analysis of the superposition of all the wave
processes that shape the process of the time-dependent deformation of the track structure
registered by the sensors with a respective perception base and response inertia located
at different locations on the rails is a complex task. The task becomes considerably easier
when the maximum values are calculated. However, this means the loss of a great deal
of information that would otherwise help account for the action of the state of the track
structure in general and its individual elements, as well as in understanding the patterns
behind the variation of registered values.

Fourth, an increase in the velocity of a rolling stock is known to lead to an increase in
the value of the dynamic load exerted by the wheel on the rail relative to its static value
because of the emergence of the dynamic increment. The physical process of the effect of
an increase in the movement velocity on the process of deformation in the track structure is
discussed below without consideration of the methods of limiting these values.

Two terms are usually used to describe dynamic processes: oscillation and vibration.
The principal difference is that an oscillation is a displacement of the object under inves-
tigation, whereas a vibration is a movement caused by oscillations. This means that a
vibration is a superposition of oscillations. Hence, all elements and structures are subject to
vibrations under the actions of the rolling stock, whereas the passages used on the basis of
elasticity theory represent oscillations.

An interaction is the source of any oscillation. An impulse (of force, pressure, tempera-
ture, etc.) is the characteristic of interaction, i.e., it represents the pattern of time-dependent
variation of the acting measure. This pattern is generally characterized by the parameters
such as amplitude and cyclic frequency. Energy exchange, distribution, and absorption
take place at objects under the action of an impulse. A variation in the amount of energy
during the specified processes is characterized by the type and amount of work taking
place above and/or inside the interaction objects.

Hence, the velocity of rolling stock is the dimension that characterizes the cyclic
frequency of the impulse of pressure on the wheel-to-rail contact areas. The dimension of
pressure characterizes the amplitude.
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Oscillations are usually viewed as repetitive processes, and in this case, when dealing
with the action of the rolling stock on the rail, it is important to understand which processes
can be classified as repetitive.

The first process of repetition is the repetition of the action of rolling stock wheels
characterized by the geometric parameters of structural aspects of the rolling stock trucks
and wagons on certain sections of the track. It should be noted that, in general, the process
is difficult to classify as cyclic as, first, there is a non-uniformity caused by the geometric
parameters of the structural aspects of the rolling stock trucks. Second, the trajectories of
movement of the rolling stock wheels along the rails are not identical. As a result, the types
of contacts during the passage of the rolling stock wheels down the rail with the same
section will not be identical. During wheel passage down the rail, single- and double-point
contacts with the rail are possible. In addition, for single-point contact, this could be a
rolling surface contact or contact with a lateral side of the rail. This creates even greater
non-uniformity, amplifying the random character of the characteristic of the wheel pressure
impulse on the rail section. Moreover, the distance between the wheels of trucks and the
distances between the trucks along the rolling stock are used as the dimension of repetition.
However, this dimension does not characterize the duration of the action on the rail directly.
Hence, the structural aspects of the rolling stock cannot be viewed as the frequencies of
the action impulse, but could be accepted as the frequencies of repetition of the action
impulses.

The second process is the direct wheel-to-rail contact along the tested span, where
the velocity of the rolling stock determines the time of impulse of action for each contact
plane. This process was also not cyclic from a conventional point of view and could not
be represented by a complete sinusoidal or cosinusoidal period. In the case analyzed, the
action of the wheel on the rail could be represented only by a half-period of these functions.
Using the full period of the functions would imply, from the physical perspective, that
the rail is first subjected to the force action aiming to bring it down to the maximum
displacement from the resting state and raising it afterward to the maximum displacement,
then followed by a return to the original level. This contradicts the real physical action, in
which the rail was brought down under the growing action of the wheel rolling onto the
rail section, and rose to the original level under the decreasing action of the wheel rolling
off the railway section during movement to the following contact plane. Movement above
the rail section did initially resemble the influence line of the force action that was used for
the calculation of track strength under the elasticity theory. However, in the case analyzed,
the “influence line” was formed from the smooth action of the impulse along the tested
range by the movement of the impulse in the trajectory of movement of each wheel over
time, in view of the time in each contact plane. This meant that the time of action of the
wheel on the contact plane defined the cyclic frequency of the impulse. The higher the
velocity of the rolling stock, the shorter the time of action in each contact plane. The higher
the velocity of the rolling stock, the longer the track span that accepted the load from the
wheel on the rail per time unit. The rate of increase in the value of the dynamic increase in
the force upon the increase in the rolling stock velocity was considerably lower than the
gradient of the same velocity. The totality of these factors led to a decrease in the value
of the impulse dimension of the wheel action on the rail in the case of an increase in the
velocity. This also meant a decrease in the amount of energy required for the deformation
process [100].

Another factor that needed to be considered to identify the influence of a change in
movement velocity on the process of deformation of the track structure was the speed
of distribution of the action impulse in the track structure. The speed of distribution of
mechanical actions in the materials is known to be transferred by means of elastic waves.
Each material has certain values of the speed of the distribution of elastic waves depending
on the modulus of elasticity, density, and Poisson’s ratio of the material. The speed of
distribution of elastic waves does not depend on the direction of impulse action. Hence,
irrespective of the value and duration of action of the impulse, the time of its distribution
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in the elements and structure within the span was virtually the same, since it depended
only on the trajectory of distribution inside the elements and structure. This meant that
the time of distribution of the impulse in the same track structure did not depend on
the speed of the rolling stock on the track. This explains the non-correspondence (delay,
lagging) within a single track section, between the time to achieve the maximum value of
the impulse dimension and the time to achieve the maximum value of the rail deflection as
a dimension that characterizes the process of deformation in the track structure under the
action of the impulse. At movement velocities up to 12 km/h, the speed of the deformation
process of the track structure corresponded to the speed of variation of the impulse within
a single track section, and the track structure was subject to complete deformation under
the impulse action in a single wheel–rail contact plane. Hence, during the calibration check,
the values measured during the experiment could be equated with the static ones. With the
increase in the rolling stock velocity, not only the impulse frequency, but also the oscillation
frequency of the track elements and structure was subject to variation. As a result, the
energy expended in the deformation process was redistributed between the track elements
and structure. As the amount of energy for the deformation process decreased with the
increase in the rolling stock velocity, the volume of the track structure involved in the
energy acceptance process decreased as well. The load on the pads and the ballast layer
increased with the increasing speed of the rolling stock, although the load on the track
structure was generally decreasing. Nonetheless, this dependence was not linear and was
characterized by a complex nature, as the vibrations of both the elements and structure of
the track were essentially the superposition of wave oscillations in time and space. Due to
the use of a bridge during signal registration (see Figure 1), the aggregate of variations in
the sensors was registered rather than the data on variations in each sensor with respect to
a certain dimension. As previously mentioned, the signal registration did not cover the full
scope. This significantly complicated the analysis of the dynamic processes that take place
in the track structure under the action of the rolling stock.

Moreover, while the experiment was expected to generate valid values, their validity
was questionable without knowledge of the true value. According to [69], the range of
rolling stock velocities is defined for the purpose of the experiment in order to determine
the indicators of permissible action on the rail track. Depending on the type of experiments,
the maximum velocity for the determination of the experimental dynamic indicators was
the following: the velocity of the rolling stock was 10 km/h, or 10% higher than the design
velocity. The methodology of track strength calculations (the strength indicators deter-
mined by the experiment) involved the coefficients and values obtained in the experiments.
This implied linear dependence of the variation of the specified indicators upon an increase
in movement velocity. Therefore, the experiment itself was the major indicator of the
elements of the vibration process of the track and structure under the action of the rolling
stock and was aimed at determining abnormal phenomena in the track structure during the
superposition of element vibrations that led to the sympathetic vibrations in the track struc-
ture under the action of the rolling stock. Determining the action of a certain factor based
on an experiment alone was a fairly complex task in the case of the generalized approach
towards the tests, as the approach towards the implementation of the experiment did not
imply an investigation of the physical process that took place inside the tested object.

In this respect, it is important to emphasize the difference between laboratory experi-
ments that employ stamp or pressure test machines and in situ experiments conducted on
the operative span of the track. During laboratory experiments, there are three parameters
that define, but do not fully reflect, the process.

The first parameter is the frequency of application of the load. As demonstrated above,
the duration of the actual transfer of the pressure from the pressure-testing machine to the
tested object determined the frequency of load application. The duration of straight and
reverse movement was not considered.

The second parameter is the frequency of load repetition. Cyclic tests are usually
conducted in laboratories by applying the same time of repetition of the load. Moreover,
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the location of the load application remains constant. Therefore, during the test, the load
was applied to the section of the tested object with the cyclic impulse that follows the
same pattern of variation over time and direction of action. From a physical perspective,
this meant that the action exerted by the stamp or pressure-testing machine functions as
the rolling stock with a uniform layout of the wheels along the length of the rolling stock
(frequency of repetition) that passes at a constant velocity (load application frequency) with
the absence of oscillations of the rolling stock transverse to the track axis, i.e., under the
action on the same contact plane.

The third parameter is the modeling of the elastic properties. In this case, elasticity
was viewed as specific processes that create links between the elements.

The conventional understanding of the modulus of elasticity in the vertical plane
(Young’s modulus) is the first component of modeling the elastic properties. The theoretical
foundation behind the wave processes has largely developed as a part of electrodynamics;
therefore, the frequency and amplitude of the oscillation process are usually evaluated
as these values are created and adjusted artificially in power grids. However, from the
perspective of natural vibration processes, these dimensions in objects that the action is
exerted on are created by using the geometric and physical–mechanical characteristics of the
objects accepting the action. Therefore, it would be more appropriate to use and evaluate the
time of the causes of oscillation processes rather than their frequency. Under this approach,
it was necessary to consider not only the stiffness of the basis of the oscillation processes
that simulated the physical process of oscillation of the system of elements by means of the
oscillation amplitude, but also the time of response to the oscillation process. Therefore,
the simulation of the required stiffness of the tested element did not fully simulate the real
physical process as, in view of the simulation of the oscillation, it was only the amplitude
parameter that was simulated, without simulation of the respective frequency parameter.
Subsequently, the clamping tests under laboratory conditions reflected the tests that did not
account for the response of the structure located under the rail. The present investigation
analyzed the behavior of the clamping located on the rigid foundation and not subjected to
additional vibrations exerted by the track elements located under the sleeper.

The second component of the modeling of the elastic properties was the relationship
in the horizontal plane. This kind of relationship is often neglected during modeling using
software applications and during laboratory tests. This is the reflection of links along the
investigated object. On the one hand, it was important to account for the effect of the length
of the investigated object, since the application of load on the same element of different
lengths at the same support conditions generated different oscillation processes. Hence, to
model the track span (rail-clamping-reinforced concrete sleeper–ballast 0.4 m–soil 3 m) in
the software applications based on numerical modeling, the minimum length of the track
span that did not influence the deformations in the vertical plane under single forces that
simulated the position of wheel pair located in the center of the span was 6 m. On the other
hand, lateral struts caused the oscillation type to change, as they not only altered the shape
of deflection, but also added torsion. As a result, the oscillations evolved into vibrations.
Therefore, the length of the simulated track span should be 25 m due to the speed of wave
distribution on the rails.

As a result, conditions that restrained the assessment of dynamic processes of vehicle–
track interaction were demonstrated and analyzed. For this purpose, experiments on the
rolling stock action on the rail track in order to reduce “random events” and expansion of
understanding of the processes in order to perform the assessment of the registered data
were conducted.

4. Discussion, Conclusions, and Future Recommendations

The arrangement of approaches and methodologies for the registration of data aimed
at obtaining the maximum parameters of action for the validation of the strength, stability,
and fatigue strength of the elements of the rail track presents the main challenge related to
the collection, analysis, and interpretation of the experimental data for the assessment of
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the dynamic processes of action of the rolling stock on the rail track and its elements for the
purpose of analyzing the functional safety of the process. This approach neither diminishes
nor explains the randomness of the range of scatter of the values during the registration.
Hence, it was necessary to investigate the effect of different groups of influence on the
dynamic process with a view toward the reduction of occurrences of randomness during
the registration of the process in the experiment and expansion of the understanding of the
processes happening during the assessment of the registered data.

Laboratory tests simulate certain operating conditions, but their application to different
conditions is impossible without understanding the dynamic process. This introduces the
occurrences of randomness in the prediction of the performance of the investigated object
not only for the same real operating conditions allegedly sought in the laboratory, but also
for the variation of real operating conditions.

For a comprehensive assessment of dynamic processes of the vehicle–track interaction
throughout the life cycle of operation, the following should be taken into account:

1. Any formed rolling stock in the loaded state is characterized by non-uniformity of
the loading on the wheel, which leads to the non-uniform static character of the
rolling stock (this aspect can be referred to as the rolling stock specifications). This
characteristic of rolling stock is one of the causes of the random character of the values
registered in the experiment.

2. The sampling methodology for the analysis of parameters of the rolling stock impact
requires an adjustment related to accounting for the position of the wheel pair relative
to the track axis and grouping samples in a similar way by all parameters investigated
in view of these adjustments. This expands the volume of information obtained with
the dynamic processes and enables the assessment of both the ratio of forces during the
analysis of wheel stability on the rail and the processes of the wheel and rails during
their interaction, as well as the processes of deformation inside the elements for the
purpose of prediction of implementation of the maintenance system. Moreover, this
leads to greater efficiency in the use of the data pool obtained during the registration.

3. For the assessment of aspects of functional safety of clamping performance in dif-
ferent states of the rail substructure (sleepers and ballast) during the vehicle–track
interaction, rail warping in different planes should be taken into consideration.

4. To obtain information on the running of the deformation processes during the experi-
ment, the data registered by each sensor individually must be available.

5. To assess the random scatter of the registered values, it is necessary to account for the
geometric and physical–mechanical characteristics of the rail track structure.

6. For greater efficiency in the application of laboratory tests to the prediction of object
behavior under real operating conditions, it is necessary to account for the links
neglected and considered during the laboratory tests.

7. The simulation of real processes implies the provision of the complex system of
amplitude and frequency relationships which may be recreated under laboratory
conditions on the basis of knowledge of the physics of the process and taking into
account the time component.

8. It is necessary to determine the correlation of the requirements for elements and
structures, for example, cramping points, applicable during laboratory tests with the
requirements for elements and structures applicable to specific operating conditions.
This would allow us to:

• Qualify the technical states of the rail track elements and structures in view of
the functional safety requirements on the basis of risk assessment for different
operating conditions;

• Optimize the maintenance system for rail track structures throughout the life
cycle of operation, taking into account the probability of risks;

• Optimize the monitoring system for railway infrastructure in view of climatic,
structural, and operational variations in the process of operation.
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