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Abstract: Real-time online monitoring of track deformation during railway construction is crucial for ensuring 

the safe operation of trains. However, existing monitoring technologies struggle to effectively monitor both 

static and dynamic events, often resulting in high false alarm rates. This paper presents a monitoring 

technology for track deformation during railway construction based on dynamic Brillouin optical time domain 

reflectometry (Dy-BOTDR), which effectively meets requirements on monitoring of both static and dynamic 

events of track deformation. Dy-BOTDR can provide a two-dimensional spatial-temporal distribution map of 

track strain changes to characterize various events for better monitoring accuracy and lower fasle alarm rates. 

Keywords: Distributed fiber optic sensing; Brillouin optical time domain reflectometry; Track deformation 
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1. Introduction 

With the rapid development of economy, the dense railway network inevitably faces a large 

number of renovation and expansion. To avoid significant disruptions to socio-economic operations, 

these railway constructions often require that railway lines continue to operate without interruption 

so that trains can pass efficiently and safely during construction [1]. Therefore, during railway 

construction, the track’s smoothness must be maintained below the safety control values for train 

operation [2]. This necessitates real-time online monitoring of track deformation during construction 

for timely detection of any excessive deformation to prevent disaster events [3]. 

Total stations are widely used high-precision surveying instruments for above-ground large 

constructions and underground tunnel projects [4]. They can monitor track displacement to 

determine track deformation [5]. However, the low data refresh rate of total stations is too low for 

real-time monitoring and timely alarms [6]. Additionally, total stations are significantly affected by 

weather conditions, making all-weather operation challenging [7]. Given these limitations, 

distributed optical fiber sensing (DOFS) technology, as an emerging and highly promising 

monitoring method, has gained widespread attention in recent years [8]. DOFS can operate stably 

under extreme conditions and is known for its high sensitivity and excellent real-time performance 

[9]. It allows for continuous, real-time monitoring of track deformation and can quickly issue alarms 

when abnormal deformation is detected [10], providing more reliable and efficient technical support 

for railway construction and maintenance [11]. 

Phase-sensitive optical time domain reflectometry (phi-OTDR) is a technology widely studied 

and applied in railway monitoring [12]. It is highly sensitive and responsive to vibrations and acoustic 

waves, enabling monitoring of the railway and its surroundings through vibrations and sounds, 

thereby analyzing faults, disasters, and other events [13]. However, this technology is generally 

suitable for monitoring vibrations and sounds at frequencies above tens of hertz, making it less 

suitable for static deformation monitoring [14]. Furthermore, its spatial resolution is typically at a 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2024 doi:10.20944/preprints202412.1191.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1191.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

scale of ten meters [15], which may not meet the requirements for track deformation monitoring. 

Moreover, power fading in phi-OTDR is also a problem [16]. In fact, phi-OTDR is more suitable for 

monitoring dynamic events with certain real-time requirements and is not well-suited for static 

events. Optical frequency domain reflectometry (OFDR) is another promising technique, which 

provides spatial resolution down to sub-millimeter. But its measurement speed is still slower than 

the Dy-BOTDR reported in this paper. Moreover, the measurement range of OFDR is limited by 

coherence length of laser source and is normally quite short [17]. Fiber Bragg grating sensors can 

monitor static deformations and achieve spatial resolutions below one meter [18]. However, the 

installation and maintenance of these sensors on railway tracks are quite difficult [19]. 

This paper introduces a track deformation monitoring technology during construction based on 

dynamic Brillouin optical time domain reflectometry (Dy-BOTDR). The uniqueness of BOTDR lies in 

its transceiver architecture, which only requires signal transmission and reception at one end of the 

sensing fiber, thereby demonstrating exceptional resilience against events such as fiber breakage in 

practical engineering applications [20]. Among the technical solutions utilizing Brillouin scattering 

phenomenon to implement reflectometers, most of reported methods capable of monitoring dynamic 

events are based on BOTDA [21], while reports on Dy-BOTDR are still rare. However, 

implementations of BOTDA require a closed fiber loop, which is unfavorable in practical engineering 

due to fiber faults such as breaks. If BOTDR could achieve dynamic monitoring, its single-ended 

operation greatly facilitates engineering deployment and would represent a significant improvement 

for practical engineering applications. Dy-BOTDR technology achieves a significant increase in 

measurement speed by introducing innovative signal processing methods, with data refresh rates 

reaching hertz level, and can be as high as 100 Hz. This breakthrough significantly expands the 

monitoring capability of the technology for signals ranging from static to dynamic signals up to tens 

of hertz. This feature provides strong support for track deformation monitoring in construction 

environments, allowing the system to more effectively differentiate and identify various types of 

track deformation events that occur during construction [22], thereby significantly improving 

analysis accuracy and greatly reducing the likelihood of false alarms. 

In optical fibers, the power and frequency shift of Brillouin scattering light have a linear 

relationship with changes in temperature and stress [23]. Based on this physical principle, BOTDR 

technology enables distributed sensing of temperature and strain along the optical fiber.  

The core of BOTDR technology lies in the precise analysis of the Brillouin scattering spectrum, 

especially the extraction of its central frequency—the Brillouin frequency [24]. However, traditional 

methods of scattering spectrum analysis, such as using narrow-band filters to scan each frequency 

point and obtain the entire power spectrum of the scattered light, are limited in real-time performance 

due to their large computational load and significant time consumption [25]. To overcome this 

bottleneck, strategies based on wideband signal processing have been introduced, particularly 

utilizing Short-Time Fourier Transform (STFT) combined with Lorentzian fitting, which can quickly 

reconstruct the complete power spectrum of the scattering light [26]. Although this method effectively 

improves processing speed, the high measurement precision that accompanies it results in high 

computational complexity, which still limits further efficiency gains. The higher the measurement 

precision of the Brillouin frequency achieved by STFT, the higher the computational complexity, 

leading to increased resource consumption and computation time, thus becoming a major obstacle to 

improving measurement speed [27]. 

In light of this, we propose an innovative method based on instantaneous frequency analysis, 

which cleverly uses the instantaneous phase changes between adjacent sampling points in the time 

domain to directly estimate the Brillouin frequency [20]. This approach significantly reduces the 

computational complexity of Brillouin frequency analysis and greatly shortens both the 

computational complexity and overall measurement time. Within this technical framework, we have 

achieved a BOTDR system with a spatial resolution of 1.2 m over a measurement distance of 5 km. 

Experimental data indicate that this new method achieves a standard deviation of 0.5065 MHz for 

the measurement of Brillouin frequency during a single measurement that includes 4096 averages. 

This precision is comparable to that of the traditional algorithms based on STFT and Lorentzian 
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fitting. Crucially, however, the new method achieves a 122-fold reduction in computational 

complexity, thereby reducing the single measurement time to 2.06 seconds, whereas the traditional 

algorithm takes 251.18 seconds. This demonstrates the significant potential of this method to enhance 

measurement efficiency. 

The BOTDR based on instantaneous frequency analysis lays the foundation for achieving Dy-

BOTDR, ultimately enabling BOTDR to measure not only static strain and temperature but also 

physical quantities such as dynamic strain that change at low frequency. This capability provides the 

possibility of distinguishing between dynamic and static events in practical engineering applications, 

thereby improving the accuracy of event analysis. 

2. Methods 

BOTDR can obtain strain data of the rail at the fiber surface by detecting the Brillouin frequency 

shift caused by axial strain in the fiber. However, this strain data cannot directly reflect the bending 

of the rail due to vertical loads; further analysis and processing are needed to provide a more intuitive 

representation of the rail's condition [28]. This processing involves two parts: the derivation of the 

mathematical conversion from strain to bending and the feature extraction of the strain data [29]. 

A simply supported beam model can be used to study the structural unit of a section of rail 

positioned between two sleepers. For a micro-element dx   of the beam (as shown in Figure 1), 

assume that the horizontal direction is the x-axis and the longitudinal direction is the y-axis when the 

rail is horizontal. The neutral axis before deformation is denoted as oo , and after deformation it is 

 o o . The position of the optical fiber is bb , and after deformation, it is  b b . It is assumed that the 

deformation of the optical fiber is synchronized with the deformation of the rail surface, meaning 

that the strain of the optical fiber is equal to the strain of the rail surface. The distance from the optical 

fiber's position to the neutral axis is 0y   and this distance remains unchanged before and after 

deformation [30]. 

 

Figure 1. Schematic diagram of the beam micro-element before and after deformation. 

The infinitesimal arc angle of the cross-sections on both sides of the micro-element after 

deformation is d , and the radius of curvature to the neutral axis is  . Therefore, the length of the 

optical fiber after deformation is given by: 

0( )  = +b b y d                       (1) 

The length of bb  is equal to oo . Since d  is very small, the length of the neutral axis during 

the bending process can be considered constant, thus: 

  = = =bb oo o o d                         (2) 

Therefore, the strain of the optical fiber at this micro-element can be expressed as: 

0 0( )
( )

  + −−
= = =

y d d yb b bb
x

bb d

   


  
                         (3) 

The parameters change as the rail deforms, and the deformation ( )x  is transformed into the 

curvature radius of each micro-element. We can use the curvature radius    to determine the 

deflection curve of the rail.  

The deflection curve describes the function curve of the neutral axis distribution within the 

beam's plane, denoted as: 
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( )=y x                                          (4) 

According to calculus [31], the curvature of a curve at any given point is calculated using the 

following formula: 

3

2 2

1

[1 ( ) ]


= 

+






                                         (5) 

At this point, we can combine equation (3) to establish the relationship between the strain in the 

rail and the deflection curve: 

03

2 2
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[1 ( ) ]
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x y






                                (6) 

The positive and negative signs indicate the position of the curvature radius. Here, we set the 

strain as positive when it is elongating, which means the beam is deflected downward; conversely, 

when the strain is compressive, it is negative, indicating the beam is arching upward. Therefore, we 

will omit the explicit positive and negative signs in the subsequent calculations. Equation (6) 

represents a second-order nonlinear ordinary differential equation and can be simplified. Since the 

value of   in the denominator is very small compared to 1 [32], (6) can be approximated as: 
2

2
0

( )
=

d x

ydx

 
                                         (7) 

It then shows that the deflection curve can be deduced through integration twice of the strain 

data obtained by BOTDR. However, the discrete deformation data provided by BOTDR contains a 

significant amount of noise [33], which is highly sensitive to integration. Direct integration cannot 

accurately reflect the deflection curve of the track. Therefore, it is necessary to process the 

deformation data to reduce the impact of noise before the integration process. 

A segment of steel rail currently under bridge construction has been selected as the experimental 

testing target to demonstrate the capability of Dy-BOTDR in monitoring of static and dynamic events. 

The tested railway is a single-track, non-electrified line with a maximum operating speed of 120 km/h. 

It features 60 kg/m steel rails, continuous track technology, reinforced concrete sleepers, and a ballast 

bed structure, with a curve radius of 400 m and a cant design of 125 mm. 

3. Results and Discussion 

The track deformation monitoring system, as shown in Figure 2, is equipped with strain sensing 

optical fibers installed at the interface between the rail and the rail bed along a track. The schematic 

diagram of the dynamic BOTDR system is shown in the lower part of Figure 2. The laser source is a 

narrow-linewidth laser with a linewidth less than 100 kHz and an output power of 20 mW. The 

output of the laser source is split into two parts with one for the receiver as the local oscillator and 

the other for pulse modulation by a semiconductor optical amplifier (SOA). The receiver is a 100 G 

integrated coherent receiver (ICR) supplied by Finisar, which consists of an integrated polarization 

beam splitter and four balanced photoreceivers monolithically integrated with optical 90° hybrids. 

The SOA from INPHENIX works in switching mode to gate the laser output to pulses which are then 

amplified by an erbium doped fiber amplifier (EDFA) to a peak pulse power of about 300 mW. The 

pulse output of EDFA is directed to the sensing fiber on the rail track through an optical circulator 

and the Brillouin scattering from the fiber is amplified by another EDFA before entering the ICR. 

Inside the ICR is a polarization diversity coherent receiver. The Brillouin signal output from the ICR 

is at around 11 GHz which is then down-converted by microwave mixers to less than 500 MHz before 

digitization and acquisition (DAQ) for further digital processing. The specific location of fiber 

installation is marked as the red dot in the cross-sectional diagram of a rail in Figure. 2. The length of 

the rail track under monitoring is about 130 m. The optical fibers on the dual tracks are connected in 

a series to form a single-chain monitoring network, ensuring data continuity and integrity. The 

monitoring system establishes a high-density data collection point every 0.1 m, resulting in over 5,000 

measurement points along the entire track, providing comprehensive coverage of the monitoring 
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area. The system continuously refreshes the monitoring data at a frequency of 1 Hz, ensuring real-

time accuracy and reliability. 

 

Figure 2. Real-time online monitoring system for track deformation of the tested railway based on dynamic 

BOTDR. PMC: Polarization maintain coupler, SOA: Semiconductor optical amplifier, EDFA: Erbium doped fiber 

amplifier, AWG: Arbitrary waveform generator, DAQ: Data acquisition. 

A lifting test at a position was conducted to verify whether the monitoring system could 

effectively and in real-time sense track changes and promptly issue alarm signals upon detecting 

abnormalities. Figure 3 shows a strain and the corresponding deflection curve along the rail obtained 

in a rail lifting test. The deflection curve is calculated from the strain data directly measured by 

BOTDR, followed by wavelet analysis for denoise and then integration. 

 

Figure 3. The deflection and strain curve at a specific location on the railway track. 

Dynamic BOTDR can directly restore the deformation of the rail, but this is not sufficient to 

reconstruct the rail's deflection. In fact, the process of deriving the deflection from the deformation 

curve is detailed in Equations (3) to (6) in section 3, where it can be seen that the deflection is the 

second integral of the deformation curve. The results in Figure 5 are a reconstruction of the 

deformation data measured along the entire fiber. 

However, integration is sensitive to noise in data, which brings significant drifting of the results. 

Directly integrating the noisy discrete deformation data is hence not reliable. Therefore, we employ 

wavelet transform and analysis to denoise the data before reconstruction through integration, and 

this process is shown in Figure 4. However, this processing method is based on physical model and 

just produces theoretical results only. In reality, many physical parameters of the rail track are hard 
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to obtain, such as Young’s modulus, the neutral axis and so on. Fortunately, the physical model gives 

a linear relationship between strain and deflection of the track. Therefore, we can calibrate the 

measured strain data to deflection of the track through lifting experiment. In the experiment, a track 

is lifted to a height and the maximum strain measured by BOTDR is then recorded. In this way, a 

linear relationship between maximum strain and height is established and the slope of this linear 

relationship is obtained. A theoretical slope calculated through physical model based on some ideal 

physical parameters is also obtained and is found to be quite closed to the result by the calibration 

except for a small-scale constant. Later in field monitoring, the slope is used to deduce the maximum 

track deflection in real-time. 

 

Figure 4. Algorithm flow for calculating rail deflection from deformation. 

 

Figure 5. Maximum Values of the Deflection Curve Processed with Different Wavelet Functions. 

A linear mathematical relationship between the deformation curve and deflection after 

reconstruction is then established. For comparison, we used several different types of wavelet 

analysis methods, which are all shown in the results in Figure 5. Lifting tests have been carried out 

several times at different lifting heights. The measured lifting height versus time at the lifting position 

is shown in Figure 5, indicating 4 lifting events of about 4 mm, 6 mm, 8 mm and 10 mm, repsectively. 

In this figure, different colored lines indicate results after denoise by different wavelet functions, 

while the dashed line represents the results obtained from integration twice after bandpass filtering 

only, without wavelet analysis. Additionally, comparing with the inset in Figure 5 reveals that the 

maximum deflection correlates linearly with the maximum strain. It then shows that the calculated 

lifting height from the strain data is sensitive to denoise method. However, the linear relationship 

between the strain and the height is still retained. The height may be quickly deduced from strain 

data through a coefficient obtained by field trials. 
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Relying solely on the spatial distribution or temporal evolution of track strain can quickly 

capture changes in deformation and enable preliminary alarm functions. However, this one-

dimensional data analysis method has its limitations. Specifically, it fails to fully utilize the unique 

spatiotemporal advantages of distributed sensing technology, making it difficult to accurately 

distinguish between different types of strain events in complex environments. For instance, the 

deformation caused by a train passing normally may exhibit similar characteristics to certain 

abnormal deformations when analyzed in a single dimension, leading to potential misjudgments and 

false alarms. In contrast, dynamic BOTDR technology offers rapid strain monitoring capabilities, 

providing a more reliable technical foundation for extracting and analyzing the spatiotemporal 

characteristics of strain events. 

Figure 6 shows the spatiotemporal two-dimensional distribution map of track strain changes 

output by the dynamic BOTDR monitoring system during a train passing through a construction 

section. The map clearly indicates a distinct two-dimensional strain image trajectory in the 

construction area as the train passes, reflecting the track deformation caused by the train, while the 

non-construction area maintains a relatively stable strain state, highlighting the contrast between the 

two. This phenomenon aligns with the actual structural support strength on-site, where the strain 

changes in the construction area are significantly greater than those in the non-construction area. 

Additionally, the spatiotemporal distribution map provides richer information. The motion of 

the train creates a band-shaped trajectory with a slope in the two-dimensional distribution map due 

to the changes in track strain. By calculating the slope of this band trajectory, the train's speed while 

passing is determined to be 33.73 km/h. Multiplying this speed by the duration of the trajectory 

allows for an estimation of the train's length to be approximately 442 m. 

 

Figure 6. Real-time spatiotemporal two-dimensional distribution map of track strain changes as the train passes. 

It is noteworthy that in the trajectory image, there are two locations where the strain change 

significantly increases, indicating that the structural support strength in these areas is weaker than 

others. These should be prioritized for subsequent maintenance and inspection. Additionally, after 

the train passes through the construction section, the track strain returns to normal values, 

demonstrating the good resilience and stability of the track structure. In summary, the 

spatiotemporal two-dimensional distribution map not only provides rich information about the 

train's operational status and track deformation characteristics but also offers strong technical 

support for the timely detection and resolution of potential structural issues. 

4. Conclusions 

This paper introduces an innovative real-time online monitoring technology for track 

deformation during construction based on Dy-BOTDR. This technology, with its outstanding spatial 

resolution, rapid response speed, and ability to provide detailed spatiotemporal distribution 

characteristics of events, fully meets the requirements for distinguishing dynamic and static events 

in track deformation monitoring during construction. 
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In multiple engineering case studies, this technology has demonstrated the ability to update the 

spatiotemporal distribution of strain changes in real time at a measurement frequency close to 1 Hz, 

even over a measurement range of up to 5 km. Whether measuring slight upward or downward 

deformations of the track, dynamic strain changes during high-speed train passages, or the 

complexities of framework insertion construction, the technology has proven effective. This 

capability not only ensures precise measurement of strain changes and track displacement but also 

expands its application scope, allowing it to provide additional valuable data such as train speed, 

length during passage, and the distribution of structural support strength within the construction 

area. 

In summary, the application of this technology provides richer and more comprehensive data 

support for monitoring track deformation during construction, significantly enhancing the timeliness 

and accuracy of warnings, thereby offering robust technical assurance for ensuring safe and efficient 

railway construction operations. 

Author Contributions: Conceptualization, L.C.; methodology, T.Z.; software, L.Z.; validation, W.L.; formal 

analysis, T.Z. and L.C.; investigation, T.Z.; resources, L.Z. and W.L.; data curation, T.Z.; writing—original draft 

preparation, T.Z.; writing—review and editing, T.Z. and L.C.; visualization, T.Z.; project administration, L.C.; 

funding acquisition, L.C. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by National Natural Science Foundation of China (NSFC), grant number 

61875246 and 62075086. 

Data Availability Statement: Data is available upon request by contacting correspondence. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Lin, F.; Wu, P.; Xu, Y. Investigation of Factors Influencing the Construction Safety of High-Speed Railway 

Stations Based on DEMATEL and ISM. Advances in civil engineering 2021, 2021, 9954018. 

2. Lasisi, A.; Attoh-Okine, N. An unsupervised learning framework for track quality index and safety. 

Transportation Infrastructure Geotechnology 2020, 7, 1-12. 

3. Du, C.; Dutta, S.; Kurup, P.; Yu, T.; Wang, X. A review of railway infrastructure monitoring using fiber optic 

sensors. Sensors and Actuators A: Physical 2020, 303, 111728. 

4. Luo, Y.; Chen, J.; Xi, W.; Zhao, P.; Qiao, X.; Deng, X.; Liu, Q. Analysis of tunnel displacement accuracy with 

total station. Measurement 2016, 83, 29-37. 

5. Scherer, M.; Lerma, J.L. From the conventional total station to the prospective image assisted 

photogrammetric scanning total station: Comprehensive review. Journal of Surveying Engineering 2009, 135, 

173-178. 

6. Lienhart, W.; Ehrhart, M.; Grick, M. High frequent total station measurements for the monitoring of bridge 

vibrations. Journal of applied geodesy 2017, 11, 1-8. 

7. Psimoulis, P.A.; Stiros, S.C. Measuring Deflections of a Short-Span Railway Bridge Using a Robotic Total 

Station. Journal of Bridge Engineering 2013, 18, 182-185. 

8. Zheng, H.; Zhang, J.; Guo, N.; Zhu, T. Distributed optical fiber sensor for dynamic measurement. Journal of 

Lightwave Technology 2020, 39, 3801-3811. 

9. Yan, Y.; Zheng, H.; Zhao, Z.; Guo, C.; Wu, X.; Hu, J.; Lau, A.P.T.; Lu, C. Distributed optical fiber sensing 

assisted by optical communication techniques. Journal of Lightwave Technology 2021, 39, 3654-3670. 

10. Rahman, M.A.; Taheri, H.; Dababneh, F.; Karganroudi, S.S.; Arhamnamazi, S. A review of distributed 

acoustic sensing applications for railroad condition monitoring. Mechanical Systems and Signal Processing 

2024, 208, 110983. 

11. Yoon, H.-J.; Song, K.-Y.; Choi, C.; Na, H.-S.; Kim, J.-S. Real-Time Distributed Strain Monitoring of a Railway 

Bridge during Train Passage by Using a Distributed Optical Fiber Sensor Based on Brillouin Optical 

Correlation Domain Analysis. Journal of Sensors 2016, 2016, 9137531. 

12. Wang, Z.; Zhang, L.; Wang, S.; Xue, N.; Peng, F.; Fan, M.; Sun, W.; Qian, X.; Rao, J.; Rao, Y. Coherent Φ-

OTDR based on I/Q demodulation and homodyne detection. Optics express 2016, 24, 853-858. 

13. Peng, F.; Wu, H.; Jia, X.-H.; Rao, Y.-J.; Wang, Z.-N.; Peng, Z.-P. Ultra-long high-sensitivity Φ-OTDR for high 

spatial resolution intrusion detection of pipelines. Optics express 2014, 22, 13804-13810. 

14. Wu, H.; Xiao, S.; Li, X.; Wang, Z.; Xu, J.; Rao, Y. Separation and determination of the disturbing signals in 

phase-sensitive optical time domain reflectometry (Φ-OTDR). Journal of Lightwave Technology 2015, 33, 3156-

3162. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2024 doi:10.20944/preprints202412.1191.v1

https://doi.org/10.20944/preprints202412.1191.v1


 9 

 

15. Xu, C.; Guan, J.; Bao, M.; Lu, J.; Ye, W. Pattern recognition based on time-frequency analysis and 

convolutional neural networks for vibrational events in φ-OTDR. Optical Engineering 2018, 57, 016103-

016103. 

16. Liu, S.; Shao, L.; Yu, F.H.; Xu, W.; Vai, M.I.; Xiao, D.; Lin, W.; Hu, J.; Zhao, F.; Wang, G. Quantitative 

demodulation of distributed low-frequency vibration based on phase-shifted dual-pulse phase-sensitive 

OTDR with direct detection. Optics express 2022, 30, 10096-10109. 

17. Tang, F.; Zhao, L.; Tian, H.; Li, H.-N.; Li, H. Localization and monitoring of initiation and propagation of 

corrosion-induced mortar cracking based on OFDR distributed optical fiber sensor. Journal of Intelligent 

Material Systems and Structures 2021, 32, 1948-1965. 

18. Ye, X.; Ni, Y.; Yin, J. Safety monitoring of railway tunnel construction using FBG sensing technology. 

Advances in Structural Engineering 2013, 16, 1401-1409. 

19. Xu, H.; Wang, W.; Li, F.; Du, Y.; Tu, H.; Guo, C. Railway Slope Monitoring Based on Dual-Parameter FBG 

Sensor. Photonic Sensors 2024, 15, 250121. 

20. Li, W.; Jiang, L.; Zhang, T.; Cheng, L.; Liang, H.; Zhou, L.; Liu, W.; Shao, L.; Guan, B.-O. Brillouin frequency 

estimation in distributed Brillouin optical fiber sensors based on instantaneous frequency. IEEE sensors 

journal 2022, 22, 18501-18507. 

21. Yan, Y.; Wang, Y.; Zheng, H.; Chen, D.; Lau, A.P.T.; Guo, C.; Lu, C. Dynamic BOTDA based on spectrally 

efficient frequency-division multiplexing. Journal of Lightwave Technology 2022, 40, 4451-4457. 

22. Wang, F.; Zhu, C.; Cao, C.; Zhang, X. Enhancing the performance of BOTDR based on the combination of 

FFT technique and complementary coding. Optics Express 2017, 25, 3504-3513. 

23. Sun, Y.; Shi, B.; Zhang, D.; Tong, H.; Wei, G.; Xu, H. Internal deformation monitoring of slope based on 

BOTDR. Journal of Sensors 2016, 2016, 9496285. 

24. Wu, H.; Guo, N.; Feng, D.; Yin, G.; Zhu, T. Enhancing spatial resolution of BOTDR sensors using image 

deconvolution. Optics Express 2022, 30, 19652-19664. 

25. Wang, Q.; Bai, Q.; Liang, C.; Wang, Y.; Liu, Y.; Jin, B. Random coding method for SNR enhancement of 

BOTDR. Optics express 2022, 30, 11604-11618. 

26. Luo, L.; Parmigiani, F.; Yu, Y.; Li, B.; Soga, K.; Yan, J. Frequency uncertainty improvement in a STFT-BOTDR 

using highly nonlinear optical fibers. Optics express 2018, 26, 3870-3881. 

27. Wu, H.; Guo, N.; Zhong, Z.; Guo, W.; Han, L.; Li, C.; Meng, D.; Yin, G.; Liu, T.; Zhu, T. High-performance 

distributed dynamic strain sensing by synthesizing φ-OTDR and BOTDR. Optics Express 2023, 31, 18098-

18108. 

28. Milne, D.; Masoudi, A.; Ferro, E.; Watson, G.; Le Pen, L. An analysis of railway track behaviour based on 

distributed optical fibre acoustic sensing. Mechanical Systems and Signal Processing 2020, 142, 106769. 

29. Li, Y.; Xu, G.; Guo, Y.; Ma, T.; Zhong, X.; Zhang, Q.; Gu, J. Fabrication, proposed model and simulation 

predictions on thermally conductive hybrid cyanate ester composites with boron nitride fillers. Composites 

Part A: Applied Science and Manufacturing 2018, 107, 570-578. 

30. Michaltsos, G.; Sophianopoulos, D.; Kounadis, A. The effect of a moving mass and other parameters on the 

dynamic response of a simply supported beam. Journal of sound and Vibration 1996, 191, 357-362. 

31. Koenderink, J.J.; Van Doorn, A.J. Surface shape and curvature scales. Image and vision computing 1992, 10, 

557-564. 

32. Akbaş, Ş.D.; Ersoy, H.; Akgöz, B.; Civalek, Ö. Dynamic analysis of a fiber-reinforced composite beam under 

a moving load by the Ritz method. Mathematics 2021, 9, 1048. 

33. Gao, C.; Wang, F.; Li, C.L. Application of BOTDR in Railway fence intrusion detecting system. Applied 

Mechanics and Materials 2011, 71, 4278-4281. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2024 doi:10.20944/preprints202412.1191.v1

https://doi.org/10.20944/preprints202412.1191.v1

