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Abstract: Improving railway safety depends heavily on the reliability of railway turnouts. The
realization of effective, reliable and continuous observations for the spatial analysis and evaluation of
the technical condition of railway turnouts is one of the factors affecting safety in railway traffic. The
mode and scope of monitoring changes in geometric parameters of railway turnouts with associated
indicators needs improvement. The application of digital twins to railway turnouts requires the
inclusion of fundamental data indicating their condition along with innovative monitoring of weather
conditions. This paper presents an innovative solution for monitoring the status of temperature
and other atmospheric conditions. A UbiBot WS1 WIFI wireless temperature logger was used, with
an external DS18B20 temperature sensor integrated into an S49 (49E1)-type rail as Tszyn WS1 WIFI.
Measurements were made between January and May (winter/spring) at fixed time intervals and
at the same measurement point. The aim of the research is to present elements of a fundamental
approach of applying digital twins to railway turnouts requiring the consideration and demonstration
of rail temperature conditions as a component in the data acquisition of railway turnout condition
data and other constituent atmospheric conditions through an innovative solution. The research
showed that the presented innovative solution is an effective support for the application of digital
twins to railway turnouts and ongoing surveying and diagnostic work of other elements of rail
transport infrastructure. The applicability of the TgCWRII second temperature difference indicator in
the monitoring of railway turnouts was also confirmed.

Keywords: railway safety; turnouts monitoring system; turnouts condition; digital twins in turnouts;
second difference rail temperatures indicator; temperature gradient CWR; measurement; sensors;
instrument

1. Introduction

The procedures in force for conducting surveying and diagnostic monitoring of the
state of railway turnouts (railway switches) take into account current and modern techno-
logical solutions with the use of direct and indirect measurement methods. Unfortunately,
there is still a lack of effective, continuous observation of turnouts. Railway turnouts and
diamond crossings occurring on railway lines and in stations, especially marshalling yards,
are bottlenecks that limit the capacity of the entire railway network. Turnouts, due to
their design and geometry, enforce speed limits, which in turn affect capacity constraints.
Railway switches operate in harsh environmental conditions. However, their reliability
requirements are high due to safety and economic factors [1]. Turnouts are an expensive
and critical feature of the railway system, as they are exposed to adverse operating loads
as compared to a simple railway track and, therefore, require regular maintenance [2].
Turnouts are a critical element in the condition of railway infrastructure, being a component
of turnout routes [3,4].
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The functionality of railway switches and crossings (S&C) comes at a cost, as load-
inducing rail discontinuities in the switch and crossing panels cause much larger degrada-
tion rates for S&C compared to the regular track [5]. Milošević et al. [5] note that railway
managers are interested in developing solutions to enable reliable and flexible maintenance
of S&C through remote monitoring of their condition. In [6], Marx states that professional
turnout maintenance requires specialist knowledge. Complex and intricate turnout systems
that include, among other things, slip turnout (double and outside slip turnout) occupy
a special position in the field. Knowledge of these systems already resembles a kind of
secret science.

The need to ensure the correct technical condition of turnouts and their components
forces an openness to scientific research and the use of modern technological solutions.
Digital twin provides a virtual representation that serves as a real-time digital equivalent of
a physical object or process. Regarding the concept of using digital twins in the monitoring
of railway turnouts; digital twins can provide a dynamic model of railway turnouts, with a
reflection of the turnouts system and the process that exists in the real world. Identical to
the physical world, there are interactions between digital objects that will mirror each other.

Kaewunruen and Lian in [7] conclude that the digital twin of a railway turnout in 3D
embraces the time schedule, cost and sustainability across the whole life cycle. The use
of BIM (Building Information Modeling) for railway turnout systems has the potential to
improve the overall information flow of a turnout’s planning and design, manufacturing
preassembly and logistics, construction and installation, operation and management, and
its demolition, thereby achieving better project performance and quality [7]. As a complete
information model, a digital twin integrates the information of a project from different
stages of the life cycle into a model in order to facilitate better asset management and
communicate through data visualizations with participants [8].

The evolution of the approaches applied to rail systems’ condition monitoring has
followed manual maintenance, through methods connected to the application of sensors,
up to the currently discussed methods and techniques focused on the mutual use of
automation, data processing and exchange [9]. At present, the application of digital twins in
the construction industry has gained significant momentum and the industry has gradually
entered the information age [10]. Kaewunruen et al. [10] demonstrated the unprecedented
application of digital twins to sustainability and vulnerability assessments, which can
enable the next generation risk-based inspection and maintenance frameworks. Digital
twin technology has the potential to transform the construction industry and provide
responses to some of its challenges [11–13].

Digital twin application in railway turnouts requires the inclusion of fundamental data
indicating their condition along with the innovative monitoring of weather conditions. In
this research, the authors demonstrated the basic data that the digital twin should provide
along with a special focus on atmospheric conditions.

The aim of the research was to present the elements of a fundamental approach of
applying digital twins to railway turnouts requiring the consideration and demonstration of
rail temperature conditions as a component in the acquisition of railway turnout condition
data and other constituent atmospheric conditions through an innovative solution. A novel
solution for monitoring the status of temperature and other atmospheric conditions using
sensors and S49 (49E1)-type rail is demonstrated. The developed solution represents the
measurement of temperature inside the rail head, humidity, ambient temperature and
ambient light. For this purpose, a wireless temperature logger UbiBot WS1 WIFI was used,
equipped with an external temperature sensor DS18B20 integrated with a rail type S49
(49E1)—named as Tszyn WS1 WIFI. The conducted research confirmed that the innovative
Tszyn WS1 WIFI solution provides the possibility of locating it in various critical points
of the railway infrastructure. At the same time, it represents a significant addition to
the fundamental approach of using digital twins in railway turnouts. Acceptance was
also made of the use of the TgCWRII indicator of the second temperature difference in the
monitoring of railway turnouts. The innovative solution is a complementary element to the
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fundamental approach of using digital twins in railway turnouts and Continuous Welded
Rail (CWR).

2. Materials and Methods
2.1. Digital Twins in Basic Monitoring of Railway Turnouts

The digital twin in railway infrastructure should be a digital representation of the
components of the infrastructure, reflecting the 3D geometry of the physical components
and the current non-graphical information about these components that is used in ex-
ploitation. Powered by measurement data from surveying and diagnostics, the digital
twin can support operators and infrastructure managers in their decisions by providing
an analysis of the effects of different hypothetical scenarios and allowing the best, most
effective solutions to be selected. Sysyn et al. [14] note that the recent identification and
evaluation of the sleeper support conditions using track-side and on-board monitoring
methods can help plan prevention activities to avoid or delay the development of local
instabilities such as ballast breakdown, white spots and subgrade defects, etc. Németh
and Fischer, in [15], have formulated recommendations on the technical applicability and
technological instructions that are useful in everyday railway operation practice on the
basis of the measurements and tests carried out on rail joints in the laboratory.

Developing and supporting digital twins for railway turnout solutions will require
constant updating of data collection and monitoring capabilities as well as adaptive
analysis and algorithms. In later stages of development, this will require monitoring
of individual components.

It is necessary to implement technologies that provide a wide spectrum of data on
the technical condition of turnouts. Digital twins in basic monitoring of railway turnouts
should provide data on:

1. Geometrical position, linear and angular values of the main points of the turnout.
2. The state of the parameters and indicators at the characteristic points of the turnout:

• track gauge in main and deviated (diverted) tracks;
• cant (superelevation) in main and deviated tracks;
• flangeways;
• the second height difference (profile gradient) in main and deviated tracks;
• the twist of the main and deviated tracks;
• state of curvature tracks;
• the status of the switch actuator (point machines) setting forces.

3. Current weather conditions: temperature inside the rail head (crown of the rail),
humidity, ambient temperature, ambient light.

4. Second difference rail temperatures indicator in railway turnouts.
5. Quantities accompanying technical studies of turnouts:

• blade (switch rail) distance from the stock rail (throw of switch);
• slip of hook;
• travel path of the slide rod.

6. Additional turnout status indicators:

• condition of the blades in the switch, wear of the blades;
• location change single blade and stock rail in 3 axes;
• change of blades position in relation to each other;
• dynamic actions—contact forces at the wheel–rail contact (elements of the turnout

steel sections, especially the bow of the crossing nose (frog nose) and the wing
rails (knouckle rails in turnout));

• contact distance from the firing pin blade to the beginning of the turnout;
• perpendicularity of the position of the rail joints in relation to the track axis;
• perpendicularity of the rail joints of the opposite;
• anticipated condition and degradation period of the main turnout elements;
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• analysis and assessment of the turnout geometric condition in relation to permis-
sible deviations.

7. Exploitation methods of increasing turnout durability and safety.
8. Integration with Intelligent Transportation Systems—ITS.
9. Integration with elements of the Railway Traffic Control devices (Control Command

and Signaling Equipment).

Data visualization:

• geometric position of linear and angular values of main (surveying) turnout points;
• status of parameters and indicators at turnout characteristic points;
• current weather conditions;
• second temperature difference of the rails in the turnouts;
• quantities accompanying technical studies of turnouts;
• additional turnout status indicators;
• operational methods of increasing turnouts durability and safety;
• integration with Intelligent Transportation Systems—ITS;
• integration with elements of the Railway Traffic Control devices.

Gross tonnage, presence of geometry defects, ambient temperature, segment length
and rail defect presence are the most important factors for predicting the risk of service
failures [16]. The fundamental approach of applying digital twins to railway turnouts
requires the consideration and identification of rail temperature conditions as a component
in the acquisition of turnout condition data and the ability to apply appropriate diagnostics.
A novel solution for monitoring temperature status and other atmospheric conditions is
a significant complement to this approach. This paper demonstrates a novel solution for
monitoring the status of temperature and other atmospheric conditions using sensors and
S49 (49E1) type rail. Measurements were limited to an indicator of second temperature
difference (TgCWRII) data and current atmospheric conditions for the purpose of providing
turnout condition information.

This paper presents a method for measuring the temperature inside the rail head S49
(49E1) type rail using a UbiBot WS1 WIFI wireless temperature, humidity, and illumina-
tion logger equipped with a DS18B20 external temperature sensor integrated into an S49
(49E1)-type rail (Tszyn WS1 WIFI). The developed solution provides data acquisition on
temperature and other current atmospheric conditions. A rail thermometer with wireless
logger UbiBot WS1 WIFI can be located in different places of railway infrastructure. In
the conducted research, it was located outside the structure gauge (infrastructure gauge),
parallel to the rail tracks of the monitored turnout. The study was conducted from January
2020 to May 2020 in Poland. Observations were made inside the rail head in hourly cycles.

The second temperature difference indicator TgCWRII (temperature gradient CWR)
and the average temperature value Tśr (Tavg.) were determined from the obtained data. The
research confirmed that the presented innovative solution provides a basis for measuring,
acquiring and monitoring atmospheric conditions in rail transport infrastructure. The
developed method for monitoring atmospheric conditions, especially in terms of integrated
and advanced sensors, offers new perspectives and introduces new approaches in this
leading field, while requiring new characterization analyses to guarantee precise and
accurate measurements.

2.2. Measuring Instruments

To obtain the second temperature difference data TgCWRII and current weather condi-
tions, a measuring station was established Tszyn WS1 WIFI containing:

• rail section ≈ 300 mm long, type S49 (49E1) (Table 1) [17], and
• electronic thermometer UbiBot WS1 (Table 2) additionally equipped with external

temperature sensor DS18B20 (Table 3 and Figure 1) [18].
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Table 1. Technical parameters of the S49 (49E1)-type rail.

Feature Value

Cross sectional area 62.97 cm2

Weight per meter 49.43 kg/m
Height 149 mm

Footer width 125 mm
Width crown of the rail 67 mm
Neck thickness (web) 14 mm

Moment of inertia about the x-x axis 1819 × 10−8 m4

Moment of inertia about the y-y axis 320 × 10−8 m4

Table 2. Technical characteristics of the electronic thermometer type UbiBot WS1.

Type of Attribute Value

Temperature measurement range −20 ◦C to 60 ◦C
Humidity measurement range 10% to 90% RH

Accuracy of temperature measurement ±0.3 ◦C
Power supply 2 × battery AA/Micro-USB (5V/2A)

Dimensions of the device 6.5 × 6.5 × 1.7 cm
Additional equipment external temperature sensor DS18B20

Table 3. Technical characteristics external temperature sensor DS18B20.

Type of Attribute Value

Dimensions diameter 0.6 cm, length 5 cm
Temperature measurement range −55 ◦C to 125 ◦C

Accuracy of temperature measurement ±0.5 ◦C
Cable length 300 cm

Probe material stainless steel
Cable type circular
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Figure 1. Measuring station Tszyn WS1 WIFI with rail type S49 (49E1) (own photograph): (a) electronic
thermometer with probe inside crown of the rail; (b) wireless data logger UbiBot WS1 WIFI.

The rail had a hole in the crown of the rail with a diameter of ϕ 25.0 mm and a depth
of 228 mm (Figure 2).
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Welded Rail condition monitoring. 

Figure 2. Measuring hole diameter inside the crown of the rail type S49 (49E1) (own photograph): (a) overhead view; (b)
cross section.

2.3. Experimental Methods

UbiBot WS1 wireless data logger with sensors was used to acquire data on ambient
temperature values, temperature values inside the rail head, humidity and ambient light.
Synchronization of the performed observations with the UbiBot IoT Platform is performed
wirelessly (using WIFI) in real time (Figure 3). Personalized configuration of the device
is possible using the UbiBot App, which allows setting the min. cycle of observation
execution and notifications that inform the user in real time if the acceptable deviation
range is exceeded (Figure 4). Additionally, the UbiBot WS1 works with IFTTT (If This Then
That) to create connections with other smart devices, fitting into the fundamental approach
of using digital twins in railroad turnouts with innovative weather monitoring. It also
provides data export in CSV (Excel) and PDF format for applications such as Continuous
Welded Rail condition monitoring.

The temperature distribution of CWR rails is not uniform, which significantly compli-
cates the precise definition of measurement principles. The selection of a representative
measuring point should take into account the average deformation associated with an
uneven temperature distribution [19,20]. To perform the tests, an external DS18B20 temper-
ature sensor was placed inside the crown of the rail type S49 (49E1). A fixed measurement
point was provided throughout the data collection period.

2.4. Reliability

The developed Tszyn WS1 WIFI solution comprising an S49 (49E1) rail type together
with a UbiBot WS1 WIFI device having built-in memory provides for data storage in
case of temporary loss of wireless connectivity to the UbiBot IoT Platform (e.g., Internet
connection failure). This ensures continuity of data history. Additionally, the user can
remotely check the current battery status or connect a wired power supply to the device
via the built-in micro-USB port. Access to measurement data from anywhere in the world
provides additional control of the device’s operation.
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Integrated UbiBot WS1 WIFI device with sensors together with S49 (49E1) rail type
as Tszyn WS1 WIFI provides data acquisition of second temperature difference indicator
TgCWRII and data of current weather conditions.

3. Results and Discussion

A proper turnout monitoring strategy can extend the service life of its various struc-
tural components. The use of appropriate measurement technology provides data for the
comprehensive analysis and verification of the turnout’s condition, especially when there
is an alert coming from the installed sensory sensors.

During the tests, the Tszyn WS1 WIFI measurement station recorded data on ambient
temperature, temperature inside the rail head, humidity and ambient light. Measurements
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were conducted from 21 January 2020 to 29 May 2020 with an hourly data recording cycle
(Figure 5). A total of 5002 data points were collected from which observations made in the
morning (7 a.m.), afternoon (1 p.m.) and evening (7 p.m.), respectively, were selected. This
filtering of the data provided a set of observations for the same measurement epoch on
each measurement day. The resulting data were used for further analysis.
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Figure 5. Graphical interpretation of the obtained measurement results using Tszyn WS1 WIFI measurement station:
(a) ambient temperature; (b) temperature inside the rail head; (c) humidity; (d) ambient lighting.

From the temperature data inside the rail head, the second temperature difference
indicator TgCWRII was determined and is expressed by Equation (1)

TgCWRII = (T2 − T1)− (T3 − T2) (1)

where:

TgCWRII—indicator for second difference rail temperatures in the Continuous Welded Rail (◦C)
T1—the temperature value in the first measuring epoch (◦C)
T2—the temperature value in the second measurement epoch (◦C)
T3—the temperature value in the third measuring epoch (◦C)

In addition, the periodic mean temperature value from the three measurement epochs
Tśr (2) was determined

Tsr = Tavg. =
T1 + 2T2 + T3

4
(2)

where:

T1—the temperature value in the first measurement epoch (◦C)
T2—the temperature value in the second measurement epoch (◦C)
T3—the temperature value in the third measurement epoch (◦C)

Observations were conducted at fixed time intervals and at the same measurement
point during winter–spring 2020. This approach ensured that the data was recorded at
moments of abrupt change, thereby increasing the likelihood of capturing possible failure
states of the test object being analyzed.
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In order to determine the TgCWRII indicator, measurements of the temperature values
inside the rail head, taken at three measurement epochs, respectively, were used (Figure 6):

• morning T1,
• noon T2, and
• evening T3.
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Ambient temperature, humidity and ambient light values were recorded simultaneously.
The observations obtained indicate that the rail steel is very sensitive to changes in

atmospheric conditions. Table 4 shows selected data on rail temperature values from the
three measurement epochs T1, T2 and T3 and the calculation of TgCWRI and TgCWRII.

Table 4. S49 (49E1) rail temperature values of the three measurement epochs T1, T2 and T3 and TgCWRI and TgCWRII

calculations.

Date of
Measurement

Temperature
inside the Crown

of the Rail
Morning T1 (◦C)

Temperature
inside the Crown
of the Rail Noon

T2 (◦C)

Temperature
inside the Crown

of the Rail Evening
T3 (◦C)

First Difference Rail
Temperatures TgCWRI

Second Difference
Rail Temperatures
Indicator TgCWRII

(◦C)
T2 − T1 =
∆TI,21 (◦C)

T3 − T2 =
∆TI,32 (◦C)

10 February 2020 8.5 7.9 5.9 −0.6 −2.0 1.4
17 February 2020 4.5 16.1 12.5 11.6 −3.6 15.2

9 March 2020 −2.1 12.1 7.3 14.2 −4.8 19.0
19 March 2020 4.8 22.9 15.1 18.1 −7.8 25.9
27 March 2020 3.2 25.0 15.6 21.8 −9.4 31.2
21 April 2020 2.9 13.3 24.5 10.4 11.2 −0.8
16 May 2020 4.9 15.6 29.9 10.7 14.3 −3.6
21 May 2020 10.8 14.4 31.0 3.6 16.6 −13.0

The values of the first rail temperature difference indicator TgCWRI indicate the largest
differences in temperature values in the afternoon. In addition, in early spring, the values
of TgCWRI irregularly and gradually increase, which makes it possible to notice jumps
in the values of rail steel temperatures. From the values of the first rail temperature
difference indicator TgCWRI, the values of the second rail temperature difference indicator
TgCWRII were calculated according to Equation (1). Figure 7 shows the values of the second
temperature difference indicator TgCWRII and the periodic average temperature of the Tśr.

Analysis of TgCWRII and Tśr values provides a quantitative estimate of the stress
change over the measurement epochs. The average value of the rail temperature Tśr
during the measurement period indicates the average thermal stress values in the rail.
In cases of the simultaneous occurrence of high or low values of the periodic average
temperature Tśr and a close to zero value of the indicator of the second temperature
difference TgCWRII, there is a probability of failure (e.g., 9 April 2020). On the other hand,
when the second temperature difference indicator TgCWRII reaches values far from zero
(significant temperature fluctuations) and the periodic average temperature Tśr is low, the
probability of failure is also high (e.g., 27 March 2020). The worst condition for the rail
operation is a situation in which the values of the second temperature difference indicator
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TgCWRII and the value of the periodic average temperature value Tśr are far from zero (e.g.,
23 May 2020). The adverse effects of other impacts that may further compound the effects
of temperature changes (e.g., operational impacts) are also considered.
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The possibility of failure is understood as a possibility of reaching an undesirable
“critical stress–strain state”. The term “failure” is meant as the possibility of cracking
(which can penetrate deep into the rail and lead to its fracture) or a buckling track.

Track buckling is a large deformation of the track. It occurs rapidly without a train load
or under a passing train as a result of high longitudinal forces that exceed the resistance of
the sleepers in the ballast. This is the result of large differences between the temperature
in the rails and the stress-free temperature (SFT). The longitudinal forces also increase on
braking sections of trains and due to creeping of the rails. Turnouts built into the CWR
must have the proper operation of the individual tracks and the other components of the
turnouts ensured. Failure to monitor them properly may cause malfunctions and contribute
to an increase in geometrical irregularities.

The systematic creation of the database of the indicator of the second temperature
difference TgCWRII in the selected measurement points allows for the analyses of the
frequency and degree of changes in the stress state of the continuous welded rail in a given
period of time, together with other accompanying elements of the railway road. With
observations from the Tszyn WS1 WIFI measurement station being conducted regularly in
a predefined cycle (e.g., every hour), it is also possible to refine the analyses. In this case,
the stage of initial data filtering is omitted or focused only on removing a small number
of observations.

Many of the existing fault-diagnosis methods cannot realize real-time updating or
deal with new fault types [20]. Ou, D. et al. [20] note that due to its complicated mechanical
and electrical structure, exposure to the outdoor environment and the need to be frequently
pulled, the turnout is more prone to failure. Conducting research on the automation of
turnout condition monitoring methods is very important not only to improve the safety
and reliability of railroad traffic but also to reduce maintenance costs [21,22]. The concept
of using an innovative solution for monitoring the condition of temperature and other
atmospheric conditions is a response to the need to automate the procedure of controlling
the technical condition of turnouts.

Effective protection assures good turnout function and contributes to rail traffic ef-
ficiency and safety [23–26]. Some researchers have also proposed different incremental
methods for classification problems [27]. However, many of these methods cannot be
combined effectively with the field experience of workers (especially for the turnout sys-
tem), and, also, some of these methods cannot update themselves, which may reduce the
efficiency of the model when new samples or fault types appear since the training samples
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are quite limited from the very beginning [20]. In the case of applying digital twins in
the monitoring of railway turnouts based on taking into account the data coming from
the measurement station Tszyn WS1 WIFI together with the fundamental data, the created
model will be dynamic and will be a reflection of the turnout system and the process
existing in the real world. Additionally, digital coupling of turnout safety risks based on
digital twin technology is possible [28]. In practice, digital twins can be applied in different
ways leading to different designs [29,30].

4. Conclusions

The benefits of the digital twin are that it provides an easier and faster access to
information, increased management efficiency using automation, a continuous analysis
of component status and an effective management of turnout maintenance, which are
among the weak points of the railway infrastructure. The maintenance of turnouts, and
then turnout roads, is characterized by diversity in design and geometry. There are
also differentiated techniques of conducting monitoring for: conventional rail systems,
high-speed rail systems, passenger stations and marshalling yards. Innovative solutions,
represented by digital twin railway turnouts with data from the measuring station Tszyn
WS1 WIFI, will contribute to a reduction in the exploitation costs of selected elements of the
infrastructure and will ensure control over the correctness of repairs. They will be available
to infrastructure owners and managers, but also to carriers.

The performed study method is useful for the application of digital twins mainly
through its ability to provide cyclic data for analysis and verification of the turnout’s
condition, especially when there is an alert coming from the installed sensory sensors.
In addition, the ability to create connections with other intelligent devices, is part of the
fundamental approach of using digital twins in railway turnouts.

The data from the Tszyn WS1 WIFI measuring station with its innovative monitoring
of atmospheric conditions, which is part of the fundamental approach of the digital twin’s
application in railway turnouts, make it possible to come to the appropriate diagnosis. First,
the paper presented a novel solution for monitoring the condition of temperature and other
atmospheric conditions for the purpose of providing information on the technical condition
of a turnout. Then, an analysis method based on the second temperature difference
indicator TgCWRII and the periodic average temperature value Tśr was proposed. In line
with the assumption of the need to automate data acquisition, the presented new approach
fits into these requirements. In addition, the ability to personalize the measurement
configuration allows the mode and cycle of observations to be adjusted accordingly. In
addition, it should be noted that the proposed solution assumes the performance of running
the ambient atmospheric conditions and temperature inside the rail head continuously so
that the probability of capturing emergency conditions is very high.

The developed innovative solution in the form of Tszyn WS1 WIFI finds application
not only in the system of railway turnouts but also in the monitoring of the state of the
CWR together with elements of the accompanying infrastructure, engineering facilities
and components of marshalling yards. Buckling tracks may also be caused by seismic
movements, including in the area of railway infrastructure covering mining exploitation
areas, where Tszyn WS1 WIFI is applied.

Based on the results of this research, it is planned to review supporting solutions that
have the potential to increase the range of data recorded. The use of meteorological stations
located in the vicinity of railway turnouts (near large turnout heads and marshalling yards,
e.g., for comparison and forecasting purposes, will be considered.
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5. Milošević, M.D.G.; Pålsson, B.A.; Nissen, A.; Johansson, H.; Nielsen, J.C.O. On Tailored Signal Processing Tools for Operational

Condition Monitoring of Railway Switches and Crossings. In Proceedings of the ISMA2020 International Conference on Noise
and Vibration Engineering, Leuven, Belgium, 7–9 September 2020.

6. Marx, A. Spezialität: Weichen, Kreuzungen und Kreuzungsweichen. 2019. Available online: https://rsv.gmbh/spezialitaet-
weichen-kreuzungen-und-kreuzungsweichen/ (accessed on 10 April 2021).

7. Kaewunruen, S.; Lian, Q. Digital Twin Aided Sustainability-Based Lifecycle Management for Railway Turnout Systems. J. Clean.
Prod. 2019, 228, 1537–1551. [CrossRef]

8. Kaewunruen, S.; Peng, S.; Phil-Ebosie, O. Digital Twin Aided Sustainability and Vulnerability Audit for Subway Stations.
Sustainability 2020, 12, 7873. [CrossRef]

9. Kostrzewski, M.; Melnik, R. Condition Monitoring of Rail Transport Systems: A Bibliometric Performance Analysis and Systematic
Literature Review. Sensors 2021, 21, 4710. [CrossRef] [PubMed]

10. Kaewunruen, S.; Sresakoolchai, J.; Ma, W.; Phil-Ebosie, O. Digital Twin Aided Vulnerability Assessment and Risk-Based
Maintenance Planning of Bridge Infrastructures Exposed to Extreme Conditions. Sustainability 2021, 13, 2051. [CrossRef]

11. Opoku, D.G.J.; Perera, S.; Osei-Kyei, R.; Rashidi, M. Digital Twin Application in the Construction Industry: A literature review. J.
Build. Eng. 2021, 40, 102726. [CrossRef]

12. Lee, D.; Lee, S.H.; Masoud, N.; Krishnan, M.S.; Li, V.C. Integrated Digital Twin and Blockchain Framework to Support Accountable
Information Sharing in Construction Projects. Autom. Constr. 2021, 127, 103688. [CrossRef]

13. Pshinko, O.M.; Ursulyak, L.V.; Zhelieznov, K.I.; Shvets, A.O. To the Problem of Train Running Safety. IOP Conf. Ser. Mater. Sci.
Eng. 2020, 985, 012014. [CrossRef]

14. Sysyn, M.; Nabochenko, O.; Kovalchuk, V.; Przybyłowicz, M.; Fischer, S. Investigation of Interlocking Effect of Crushed Stone
Ballast During Dynamic Loading. Rep. Mech. Eng. 2021, 2, 65–76. [CrossRef]

15. Németh, A.; Fischer, S. Investigation of the Flued Insulated Rail Joints Applied to CWR Tracks. Facta Univ. Ser. Mech. Eng. 2021.
[CrossRef]

16. Ghofrani, F.; Sun, H.; He, Q. Analyzing Risk of Service Failures in Heavy Haul Rail Lines: A Hybrid Approach for Imbalanced
Data. Risk Anal. 2021. [CrossRef]

17. Technical Conditions for Maintaining Track Surface on Railway Lines Id-1 (D-1). 2015. Available online: https://www.plksa.pl/
files/public/user_upload/pdf/Akty_prawne_i_przepisy/Instrukcje/Wydruk/Warunki_techniczne_Id1_ujednolic.pdf (accessed
on 24 January 2021).

18. Technical Data UbiBot WS1 and DS18B20 Temperature Sensor. Available online: https://ubibot.pl/rejestrator-temperatury-i-
wilgotnosci-wifi-ws1 (accessed on 11 July 2021).

19. Hong, S.U.; Jung, H.; Park, C.; Lee, H.; Kim, H.U.; Lim, N.H.; Bae, H.U.; Kim, K.H.; Kim, H.J.; Cho, S.J. Prediction of a
Representative Point for Rail Temperature Measurement by Considering Longitudinal Deformation. Proc. Inst. Mech. Eng. Part F
J. Rail Rapid Transit 2019, 233, 1003–1011. [CrossRef]

20. Ou, D.; Ji, Y.; Zhang, L.; Liu, H. An Online Classification Method for Fault Diagnosis of Railway Turnouts. Sensors 2020, 20, 4627.
[CrossRef]

21. Atamuradov, V.; Camci, F.; Baskan, S.; Sevkli, M. Failure Diagnostics for Railway Point Machines Using Expert Systems. In
Proceedings of the 2009 IEEE International Symposium on Diagnostics for Electric Machines, Power Electronics and Drives,
Cargese, France, 31 August–3 September 2009; pp. 1–5.

http://doi.org/10.3390/electronics9081260
http://doi.org/10.1061/JTEPBS.0000004
http://doi.org/10.1016/j.measurement.2019.107162
http://doi.org/10.1016/j.measurement.2018.04.094
https://rsv.gmbh/spezialitaet-weichen-kreuzungen-und-kreuzungsweichen/
https://rsv.gmbh/spezialitaet-weichen-kreuzungen-und-kreuzungsweichen/
http://doi.org/10.1016/j.jclepro.2019.04.156
http://doi.org/10.3390/su12197873
http://doi.org/10.3390/s21144710
http://www.ncbi.nlm.nih.gov/pubmed/34300450
http://doi.org/10.3390/su13042051
http://doi.org/10.1016/j.jobe.2021.102726
http://doi.org/10.1016/j.autcon.2021.103688
http://doi.org/10.1088/1757-899X/985/1/012014
http://doi.org/10.31181/rme200102065s
http://doi.org/10.1016/j.jclepro.2019.04.156
http://doi.org/10.1111/risa.13694
https://www.plksa.pl/files/public/user_upload/pdf/Akty_prawne_i_przepisy/Instrukcje/Wydruk/Warunki_techniczne_Id1_ujednolic.pdf
https://www.plksa.pl/files/public/user_upload/pdf/Akty_prawne_i_przepisy/Instrukcje/Wydruk/Warunki_techniczne_Id1_ujednolic.pdf
https://ubibot.pl/rejestrator-temperatury-i-wilgotnosci-wifi-ws1
https://ubibot.pl/rejestrator-temperatury-i-wilgotnosci-wifi-ws1
http://doi.org/10.1177/0954409718822866
http://doi.org/10.3390/s20164627


Sensors 2021, 21, 5757 14 of 14

22. Martínez-Gutiérrez, A.; Díez-González, J.; Ferrero-Guillén, R.; Verde, P.; Álvarez, R.; Perez, H. Digital Twin for Automatic
Transportation in Industry 4.0. Sensors 2020, 21, 3344. [CrossRef]

23. Szychta, E.; Szychta, L. Comparative Analysis of Effectiveness of Resistance and Induction Turnout Heating. Energies 2020,
13, 5262. [CrossRef]

24. Hamarat, M.; Papaelias, M.; Silvast, M.; Kaewunruen, S. The Effect of Unsupported Sleepers/bearers on Dynamic Phenomena of
a Railway Turnout System under Impact Loads. Appl. Sci. 2020, 10, 2320. [CrossRef]

25. Liu, X.; Markine, V.L. Train Hunting Related Fast Degradation of a Railway Crossing—Condition Monitoring and Numerical
Verification. Sensors 2020, 20, 2278. [CrossRef] [PubMed]

26. Mistry, P.; Lane, P.; Allen, P. Railway Point-operating Machine Fault Detection Using Unlabeled Signaling Sensor Data. Sensors
2020, 20, 2692. [CrossRef]

27. Gu, B.; Quan, X.; Gu, Y.; Sheng, V.S.; Zheng, G. Chunk Incremental Learning for Cost-sensitive Hinge Loss Support Vector
Machine. Pattern Recognit. 2018, 83, 196–208. [CrossRef]

28. Liu, Z.; Meng, X.; Xing, Z.; Jiang, A. Digital Twin-Based Safety Risk Coupling of Prefabricated Building Hoisting. Sensors 2021,
21, 3583. [CrossRef] [PubMed]

29. Tekinerdogan, B.; Verdouw, C. Systems Architecture Design Pattern Catalog for Developing Digital Twins. Sensors 2020, 20, 5103.
[CrossRef] [PubMed]

30. Liu, C.; Gao, J.; Bi, Y.; Shi, X.; Tian, D. A Multitasking-Oriented Robot Arm Motion Planning Scheme Based on Deep Reinforcement
Learning and Twin Synchro-Control. Sensors 2020, 20, 3515. [CrossRef] [PubMed]

http://doi.org/10.3390/s21103344
http://doi.org/10.3390/en13205262
http://doi.org/10.3390/app10072320
http://doi.org/10.3390/s20082278
http://www.ncbi.nlm.nih.gov/pubmed/32316386
http://doi.org/10.3390/s20092692
http://doi.org/10.1016/j.patcog.2018.05.023
http://doi.org/10.3390/s21113583
http://www.ncbi.nlm.nih.gov/pubmed/34064110
http://doi.org/10.3390/s20185103
http://www.ncbi.nlm.nih.gov/pubmed/32906851
http://doi.org/10.3390/s20123515
http://www.ncbi.nlm.nih.gov/pubmed/32575907

	Introduction 
	Materials and Methods 
	Digital Twins in Basic Monitoring of Railway Turnouts 
	Measuring Instruments 
	Experimental Methods 
	Reliability 

	Results and Discussion 
	Conclusions 
	References

