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Abstract

:

Pile foundation is the most common foundation form in geotechnical engineering; it is very important for engineering safety. In order to accurately grasp the deformation of pile foundation, OFDR (optical frequency domain reflectometer) and BOTDR (Brillouin optical time domain reflectometer) optical fiber sensing technologies are used to measure the strain variation of pile foundation. The measurement results of the two technologies are analyzed, and different data processing methods are used. The ability of the two methods to measure the strain of pile foundation is evaluated. The results show that OFDR technology can achieve high-precision and distributed measurement of strain of pile; BOTDR technology can achieve the monitoring effect of OFDR to a certain extent using appropriate data processing methods; the combination of the two methods can make up for the shortcomings of the short monitoring distance of the OFDR technique and the low accuracy of the BOTDR technique; by comparing the application effect with the two technologies in geotechnical engineering, the application prospect of OFDR–BOTDR joint optical fiber sensing technology in geotechnical engineering is discussed.
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1. Introduction


Distributed optical fiber monitoring technology can continuously measure the physical parameters of the external medium distributing along the geometric path over the entire length of the optical fiber. Through the relationship between the measured parameter and the optical spectrum shift, real-time data on the temporal and spatial changes of the measured physical parameter can be obtained [1]. The optical fiber is both the transmission channel and the sensing medium. It has many advantages such as small size, good waterproof performance, good corrosion resistance, anti-electromagnetic interference, distributed measurement, etc. Optical fiber sensing technology makes up for its shortcomings with traditional resistance strain gauges and thermometers. It is very suitable for geotechnical engineering safety monitoring [2,3,4,5].



Pile foundation is an important part of geotechnical engineering. Its deformation characteristics affect the safety and stability of the superstructure directly. The development of pile foundation deformation monitoring is of great significance for optimizing the design of the pile foundation and ensuring the safe operation of the pile foundation. At present, the distributed optical fiber monitoring technologies applied to pile foundation monitoring mainly include Optical Frequency Domain Reflectometer (OFDR) technology, Brillouin Optical Time Domain Reflectometer (BOTDR) technology, Brillouin Optical Time Domain Analysisoptical time domain analysis (BOTDA) technology, Brillouin Optical Frequency Domain Analysisoptical frequency domain analysis (BOFDA) technology, Fiberfiber Bragg Gratinggrating (FBG) technology, etc. Among these technologies, OFDR technology has received extensive attention from scholars due to its high spatial resolution and high sensing accuracy. Scholars have achieved some beneficial results; Cao Yang [6] carried out an indoor model pile test using OFDR technology, and the pile deformation distribution under horizontal load was obtained. The results of theoretical calculation and numerical simulation proved the feasibility of OFDR technology for monitoring pile foundation horizontal deformation. Bersan et al. [7] used OFDR to monitor the strain of CFA pile in a static load test. Gao et al. [8] carried out research on the deformation characteristics of PCC piles. OFDR technology was used in model tests to obtain the deformation characteristics of PCC piles. Boujia et al. [9] designed the bridge pile model to simulate water erosion, and OFDR technology was applied to monitor the strain distribution of this bridge pile model. BOTDR technology has become the most widely used distributed optical fiber sensing technology in geotechnical engineering due to its long-distance advantage, especially in pile foundation engineering. Seo [10] combined BOTDR technology with 3D laser scanning technology to measure the strain distribution of the CFA pile foundation, and the causes of the negative friction resistance of the pile side were analyzed. Xiao et al. [11] realized the monitoring of the hydration heat of cast-in-place piles with BOTDR technology based on actual engineering and studied the strain of pile affected by hydration temperature. BOTDA and BOFDA technologies require double-ended measurement. FBG technology is point measurement; its degree of refinement in measurement is not high enough. BOTDA, BOFDA and FBG technologies are little used in pile foundation projects.



In the face of massive optical fiber data, many scholars have carried out research on processing problems. In recent years, the commonly used denoising methods in the optical fiber monitoring of geotechnical engineering include the wavelet transform method, feature point compression denoising method, multi-wavelet denoising method and so on. Gao et al. [10] used the wavelet transform method to process the optical fiber data and obtained the deformation of the cast-in-place pile. Miao et al. [12] proposed a feature point compression denoising method for optical fiber data denoising; a good data processing effect was obtained. Yue et al. [13] improved the multi-wavelet denoising method to process the data of optical fiber temperature sensing. The wavelet transform method has the advantages of simple processing, fast speed and good processing effect; it has been applied widely in the optical fiber monitoring of geotechnical engineering.



The maximum measuring range of the OFDR instrument is 100 m, which is less than the pile length in some projects. The BOTDR measuring range is more than 100 m, but the strain sensing precision of it is ±20 με. OFDR technology is little used in geotechnical engineering. In order to make up for the shortcomings of the lower accuracy of BOTDR and the limited sensing range of OFDR, a test of the deformation monitoring of pile using optical fiber sensors is carried out; OFDR and BOTDR technologies are used together in this paper.




2. Optical Fiber Sensing Principle


2.1. OFDR Sensing Technology Principle


There are three main types of scattering when light propagates inside an optical fiber: Rayleigh scattering, Brillouin scattering and Raman scattering. OFDR technology is strain and temperature measurement technology based on measuring the changes in the Rayleigh scattering. When the OFDR distributed sensing system is working, the laser source can be tuned to generate sweeping light, which is divided into the signal arm and reference arm after passing through the optical fiber coupler. After the optical signal in the signal arm enters the sensing fiber through the circulator, backward Rayleigh scattering occurs. The backward Rayleigh scattering light signal carrying strain information returns along the original path. The signal light in the reference arm is used for the subsequent beat frequency. The light source continuously emits linear frequency sweeping light. The optical path of the signal arm and the reference arm is different, which causes different frequency of the two output lights. Then, coherence of light occurs, and the Information relating to the light is converted into a beat frequency electrical signal in the photodetector. The strain can be calculated according to the wavelength shift of the backward Rayleigh scattering. According to the frequency of the beat signal, the strain can be located [14,15,16,17]. Equation (1) is the relationship among the shift of the Rayleigh scattering spectrum and the temperature and strain:


   Δ t     = k   ε  ⋅ Δ ε + kT ⋅ Δ T  



(1)







In the equation,    Δ t    is the shift of the Rayleigh scattering spectrum when the temperature changes and the strain changes;    k ε    is the calibrated strain sensitivity coefficient of the optical fiber;    k T    is the spectrum shift corresponding to the initial temperature T0 when the strain is 0.   Δ T   is the temperature variation;   Δ ε   is the strain variation.



According to Equation (1), the strain and temperature variation of the measured object can be obtained according to the measured shift of the Rayleigh scattering spectrum.




2.2. BOTDR Sensing Technology Principle


BOTDR is Brillouin optical time domain reflectometer technology [18,19]. Its working principle is as follows: the pulsed light of a certain frequency is injected into the fiber medium; the pulsed light enters the fiber and interacts with the elastic acoustic wave to produce the backward Brillouin scattering. The stress and temperature variation of the fiber cause the shift of Brillouin scattering. The shift of Brillouin scattering can be measured, and the external physical parameters can be obtained by calculating the relationship between the external physical parameters and the strain or temperature of the fiber sensor [19]. BOTDR technology uses the characteristic shift of Brillouin scattering, which has a linear relationship with the strain and temperature of the optical fiber, to monitor the strain and temperature of the measured object. Equation (2) is the relationship between the shift of Brillouin scattering and strain as well as temperature [20,21,22]:


  Δ  υ B  ( Δ T , Δ ε ) =  C T  ⋅ ( T −  T 0  ) +  C ε  ⋅ ( ε −  ε 0  )  



(2)







In the equation,   Δ  υ B  ( Δ T , Δ ε )   is the shift of Brillouin scattering when temperature changes and strain changes;    C T    is the calibrated temperature coefficient of the optical fiber;    C ε    is the calibrated strain coefficient of the optical fiber;    T 0    is the initial temperature;  ε  is the actual strain of the optical fiber;    ε 0    is the initial strain of the optical fiber.





3. Field Test


3.1. Project Overview


The test object was a bored cast-in-place pile in the field of geotechnical engineering; the pile length was 30 m, the diameter was 600 mm and the concrete strength grade was C35. According to previous research results and engineering experience [8], the U-shaped symmetrical optical fiber sensor was placed on the bored cast-in-place pile reinforcement cage. After the pile foundation was cured and formed, it was subjected to a static compression test. In the process of the static load test, the pile deformation was monitored with the BOTDR and OFDR data demodulators. The OFDR data demodulator was used immediately after the BOTDR data demodulator was used. The monitoring was processed when the settlement of pile was completely stable to eliminate the data error caused by different measurement times. The schematic diagram of the test device is shown in Figure 1.



The optical fiber sensor in this test adopted a metal-based, cable-shaped strain optical fiber sensor produced by Suzhou Nanzhi Sensing Technology Co., Ltd., Suzhou, China; the strain coefficient was 0.0478 MHz/με, and the temperature coefficient was 2.39 MHz/°C. The structure of the optical fiber sensor is shown in Figure 2a. The optical fiber sensor is shown in Figure 2b.



The OSI-S high-precision, high-resolution OFDR data demodulator was produced by Hong Kong Donglong Technology, and the AV6419 BOTDR data demodulator was produced by Suzhou Nanzhi Sensing Technology Co., Ltd. Table 1 shows the basic parameters of the OFDR technology and BOTDR technology used in the test. It can be seen from Table 1 that the OFDR technology and BOTDR technology are both single-ended distributed optical fiber sensing technologies. The sensing range of both technologies met the need of this test. The resolution and strain sensing precision of OFDR technology is far superior to those of BOTDR technology. OFDR technology is very suitable for refined research. BOTDR technology has absolute advantages in terms of sensing range. BOTDR technology can achieve measurement within 80 km, while the maximum sensing range of OFDR technology is 100 m.




3.2. Original Test Results


The middle part of the optical fiber monitoring data of the pile foundation was selected for research because the length of the pile was relatively long, and the stratum where the pile was located was well distributed. The data range was within 10–25 m of the pile buried depth. The soil layer within this range was mainly clay. Gray muddy clay was within 10–12 m; the water content was 40%; the density was 1.79 g/cm3; the specific gravity of the soil mass was 2.73; the void ratio was 1.13. Gray clay was within 12–18 m; the water content was 42%; the density was 1.77 g/cm3; the specific gravity of the soil mass was 2.75; the void ratio was 1.20. Gray silty clay was within 18–25 m; the water content was 32.6%; the density was 1.88 g/cm3; the specific gravity of soil mass was 2.73; the void ratio was 0.93. Because the sensors were symmetrically arranged on both sides of the pile, the original strain data were axisymmetric with the position of the pile bottom. The strain on both sides of the pile was    ε 1    and    ε 2   . The average strain of pile can be calculated as      ε 1  +  ε 2   2   . The monitoring data curve is shown in Figure 2. Figure 2a is the effective data obtained by the OFDR technology, and Figure 3b is the effective data obtained by the BOTDR technology. The changes of pile temperature were not considered, because the total time in the test was short; some studies have shown that it is unnecessary to consider the changes of temperature in this situation [23,24,25,26]. It can be seen from Figure 3a,b that, as the load was applied, the pile was gradually compressed in the axial direction; the optical fiber sensor placed inside the pile presented a compressive strain state, and the compressive strain at the same position increased with the load. The compressive strain of the pile presented a distribution law which had a large upper part and small lower part in the axial direction. Combining Table 1 with the monitoring data in Figure 3a,b, the trends of the data measured with the two technologies were basically the same. The number of sampling points of OFDR was much higher than that of BOTDR, but the noises of the data measured with OFDR were more obvious than those measured with BOTDR; the test repeatability of OFDR was better than that of BOTDR. Because of the high resolution and sensing accuracy of OFDR, the OFDR monitoring data were more regular than the BOTDR monitoring data. OFDR monitoring data can be regarded as the standard strain of the pile; BOTDR data should be processed close to the OFDR data. However, the noise in the monitoring results of the two technologies cannot be ignored, and the data need to be further processed.




3.3. Data Denoising and Smoothing


There were a lot of noise signals mixed in with the original monitoring data. In practical applications, in order to obtain effective signals and realize the deformation analysis of the measured object, it is necessary to denoise the original data. According to the results of previous studies, the db wavelet function is often used to denoise the BOTDR data in engineering applications [12,23]. In order to compare the monitoring effects of BOTDR and OFDR, the db wavelet function was selected to denoise the two groups of monitoring data; the different db wavelet functions were used to denoise the monitoring data under a 1200 kN load. The number of decomposition layers was set to five, and the threshold was set to 40% according to the experience obtained from past practical applications. The root-mean-square error (RMSE), signal-to-noise ratio (SNR) and the smoothness r were used as the standard for evaluating the denoising effect. The denoising effects of the different db wavelet functions are shown in Table 2. It can be seen from Table 2 that db4 had the best data denoising processing effect, so the db4 wavelet function was used to denoise the two sets of data monitored with OFDR and BOTDR technologies in the following research.



Due to the influence of external factors, such as the non-uniformity of the concrete and the soil around the pile and the error existing in the installation of the optical fiber sensor, there will still be some fluctuating signals after data denoising processing; these fluctuating signals will bring difficulties to the data analysis. Therefore, it is necessary to use data smoothing methods such as the adjacent-average method, FFT filter method, etc., to process denoised data [8,24,25]. The appropriate smoothing method can make the deformation trend of the pile easier to analyze. The number of sampling points measured with OFDR technology was far greater than that measured with BOTDR technology; the signal fluctuation phenomenon using OFDR technology was more obvious. The strain distribution curve measured with OFDR after denoising under the load of 1200 kN was used as the typical research data for smoothing. The adjacent-average method and FFT filter method were used to smooth the data, and the smoothing effects were compared to determine the appropriate data smoothing method. Figure 4 is the smoothing effect on optical fiber monitoring data. Figure 4a is the smoothing effect using the adjacent-average method, and Figure 4b is the smoothing effect using the FFT filter method.



It can be seen from Figure 4a that the main parameter of the adjacent-average method was the points of window. The smoothing effect when the points of window were 20, 30, 40, 50 and 60 was compared. It can be seen that the strain curve gradually tended to become smooth with the increase in the window points, and the peak and valley amplitude of the curve gradually decreased. Smoothing with too many points of window caused the curve to shift and cause data distortion. In this test, the strain was relatively small; in order to ensure the smoothness of data and avoid the distortion, the adjacent-average method with 40 points was selected to process the data. It can be seen from Figure 4b that the main parameter of the FFT filter method that affected the smoothing effect was also the points of the window. The smoothing effects were compared when the points of the window were 20, 30, 40, 50 and 60; it can be seen that, with the increase in the window points, the strain curve became gradually smooth. By comparing the smoothing effect in Figure 4b, the FFT filter method with 40 points of the window was selected; it was the best method for obtaining the smooth data and relatively moderate peak shift among other points of the window. Table 3 is the comparison of different smoothing methods. The smoothing effects using the adjacent-average method and the FFT filter method with 40 points of the window were compared in terms of signal-to-noise ratio, mean square error and smoothness. According to Table 3, the application of the adjacent-average method (40 points) could obtain better smoothed data with a lower adjacent-average method and a higher signal-to-noise ratio. Although smoothed data with lower smoothness value could be obtained by using FFT filter method (40 points), and the smoothing effect with FFT filter method was better than that with adjacent-average method when the points of window were the same, the smoothed data showed a certain distortion, which caused the loss of important data. Based on the above analysis, the adjacent-average method with 40 points of the window was selected.



On the whole, the adjacent-average method had a low degree of smoothing and distortion. While reflecting the overall trend of the data, it could retain the details of high-precision monitoring. Therefore, the adjacent-average method was selected for data smoothing after denoising, and the points of the window were set to 40. The data after denoising and smoothing are shown in Figure 5.



It can be seen from Figure 5 that, after data processing, the influence of noise was eliminated, and the changing law of strain was more intuitively reflected, which was convenient for data analysis. The processed data showed that the axial compressive strain of the pile increased with the increase in the load and decreased with the increase in the pile length. The monitoring results of the two technologies showed the same change law; it indicates that both technologies can meet the needs of pile deformation monitoring in practical applications. Due to the influence of noise, there were more small-scale data fluctuations in the OFDR monitoring data compared to in the BOTDR monitoring data. The main cause for the larger fluctuations was the poor strain sensing accuracy of BOTDR, which reached ±20 με under the acquisition parameters set in this experiment. At the same time, these large fluctuations occurred randomly and irregularly. Large fluctuations bring certain difficulties to the refined analysis of the data. Especially in small strain monitoring, these data fluctuations have a great impact on real strain monitoring results.




3.4. Comparison of Monitoring Results


In order to compare the data processing effect and the monitoring results of OFDR and BOTDR, the monitoring data of each load stage were drawn as shown in Figure 6. The data fluctuation and noise were eliminated to a certain degree after denoised and smoothed. The results show the approximate trend of the real deformation of pile. It can be seen from Figure 6 that both OFDR and BOTDR comprehensively reflected the change law of pile strain. The OFDR monitoring data were more accurate; OFDR technology reflected the strain situation of the details, which was conducive to refined analysis. From the perspective of positioning accuracy, the data monitored by BOTDR and OFDR at the corresponding locations were basically the same, and both can achieve precise positioning in actual projects.



In order to further analyze the monitoring data error of OFDR and BOTDR, the trend of the BOTDR and OFDR technologies was proved to be basically the same; the representative points on the curve in Figure 6 were selected for collation and comparison. Due to the difference in sensing precision between OFDR and BOTDR technologies, the deformation detail of pile was obtained with OFDR technology, while the overall strain change trend was obtained with BOTDR technology. Additionally, the strain trend was almost a straight line; four points were enough to prove that the data of the BOTDR and OFDR technologies were basically the same. The comparison results are shown in Table 4. It can be seen from Table 4 that, in the monitoring data of this experiment, the absolute value of compressive strain was smaller as the load was smaller and the length of the pile was longer. The maximum errors of BOTDR and OFDR monitoring data were within 10 με; most of the monitoring data errors were within 5%, and the minimum relative data error was within 1% (9 m, 1600 kN; 12 m, 1600 kN). This error can be basically ignored in the field of geotechnical engineering.



The monitoring data with the two technologies on the same cross-section were selected for curve fitting; the fitting results are shown in Figure 7. It can be seen from Figure 7 that the slopes of the fitting curves of the monitoring results of the two technologies on the four cross-sections of 3 m, 6 m, 9 m and 12 m were all close to 1, and the intercept was close to 0, which is similar to the curve of the proportional function. The result of curve fitting indicates that the data of the BOTDR and OFDR technologies were basically the same.



According to Figure 7 and Table 4, the BOTDR monitoring data were close to the OFDR monitoring data with appropriate data processing methods. In actual projects, this OFDR and BOTDR joint optical fiber sensing technology can be used for working conditions where the length of the object to be measured exceeds the sensing range of OFDR and high sensing precision is needed. The appropriate data processing methods can be obtained in the same sensing range of OFDR and BOTDR technologies. These processing methods can be applied to a large sensing range with BOTDR technology, which can achieve better monitoring data at a much larger sensing length.




3.5. OFDR–BOTDR Joint Sensing Method Engineering Application


In addition to pile foundation engineering, geotechnical engineering also includes slope engineering, road engineering, dam engineering and other projects. In order to compare the application effects of OFDR and BOTDR in actual engineering in the field of geotechnical engineering, the two technologies were evaluated in terms of operational stability and environmental applicability. Because OFDR technology is highly sensitive to strain and temperature changes, there is much more noise in long-term operation, which influences the data analysis. The low operating temperature affects the normal operation of the OFDR data demodulator. So, the OFDR technology is more often used in laboratory tests. The evaluation results are shown in Table 5.



According to the application effect of OFDR and BOTDR in actual projects, it can be seen that BOTDR is better than OFDR in terms of operational stability and environmental adaptability, especially when the monitoring period is long and the environment is harsh (such as an environment with a high temperature or low temperature, direct sunlight and flying dust). In many projects, data monitored by BOTDR are better than those monitored by OFDR. In the face of the shortcomings of large fluctuations in BOTDR data, through appropriate data processing methods, the monitoring result of BOTDR can be close to those of OFDR. Especially in geotechnical engineering, the length of the monitored object is often longer than the sensing range of OFDR; BOTDR can achieve the monitoring effect of OFDR under certain conditions.



Compared with BOTDR, OFDR shows the advantages of easy judgment of effective data segments, low data volatility, high precision, accurate positioning, etc. The data acquisition speed of OFDR especially is much faster than that of BOTDR. OFDR sensing technology has unique advantages in some engineering tests such as the bolt rapid pull test. It also shows powerful functions for some small-scale geotechnical engineering tests such as short pile testing. With its advantages of high precision and accurate positioning, it is used in the fine research of geotechnical engineering. However, a OFDR data demodulator has high environmental requirements, i.e., in high temperatures, low temperatures, dust, sunlight, etc., which affect its operation to varying degrees. In severe cases, they may even cause damage to the instrument. OFDR data demodulators are inferior to BOTDR in terms of environmental adaptability. The OFDR sensing distance is only 100 m, which also is not enough for some large projects.



From the above, BOTDR technology can achieve long-distance measurement in large-scale projects and achieve high-precision monitoring results with appropriate data processing methods. OFDR technology can be used for monitoring the key and dangerous parts of the project to achieve high-precision monitoring, but the OFDR data demodulator is very expensive. OFDR and BOTDR joint optical fiber sensing technology can make up for the shortcomings of the lower accuracy of BOTDR and limited sensing range of OFDR. The reusability of optical fiber sensors makes this method simple and feasible, and it has broad prospects in large-scale project monitoring.





4. Conclusions


This paper used OFDR technology and BOTDR technology to realize high-precision distributed monitoring in pile foundation engineering; the applicability of the OFDR and BOTDR joint optical fiber sensing technology in the field of geotechnical engineering was discussed. The results show that:




	(1)

	
OFDR technology and BOTDR technology can realize distributed monitoring of the deformation of bored cast-in-place pile foundation. Data monitored with the two technologies show the same change trend. OFDR has higher accuracy and less data volatility, enabling refined measurement and analysis;




	(2)

	
The combined processing method of db wavelet function and adjacent-average method was used to denoise and smooth the monitoring data; the appropriate processing parameters were selected. BOTDR technology can achieve the certain sensing effect of the OFDR technology in strain sensing with this method, which makes up for the shortcoming of the low sensing accuracy of BOTDR technology;




	(3)

	
For large-scale geotechnical engineering, BOTDR technology can be used to conduct distributed sensing to determine the deformation characteristics and force law; OFDR technology can be applied to achieve refined research of small-scale key engineering parts. OFDR and BOTDR joint optical fiber sensing technology can make up for the shortcomings of the lower accuracy of BOTDR and the limited sensing range of OFDR. It has broad prospects in large-scale project monitoring.
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Figure 1. Schematic diagram of the test device. 
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Figure 2. Metal-based, cable-shaped strain optical fiber sensor: (a) structure of the optical fiber sensor; (b) optical fiber sensor. 
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Figure 3. Curve of original monitoring data: (a) OFDR monitoring data, (b) BOTDR monitoring data. 
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Figure 4. Smoothing effect on optical fiber monitoring data: (a) smoothing effect using the adjacent-average method; (b) smoothing effect using the FFT filter method. 






Figure 4. Smoothing effect on optical fiber monitoring data: (a) smoothing effect using the adjacent-average method; (b) smoothing effect using the FFT filter method.



[image: Sustainability 14 16557 g004a][image: Sustainability 14 16557 g004b]







[image: Sustainability 14 16557 g005 550] 





Figure 5. Data curve after processing: (a) processed OFDR data; (b) processed BOTDR data. 
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Figure 6. Comparison of OFDR and BOTDR monitoring data. 
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Figure 7. Fitting curve of OFDR and BOTDR monitoring data. 
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Table 1. Basic parameters of OFDR and BOTDR technologies.
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	Name
	Test Item
	Spatial Resolution
	Maximum Spatial Resolution
	Strain Sensing Precision
	Sensing Range





	OFDR
	Temperature, strain
	1 mm
	1 mm
	±1 με
	100 m



	BOTDR
	Temperature, strain
	1 m
	5 cm
	±20 με
	0.5–80 km
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Table 2. Denoising effect of different db wavelet functions.
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Wavelet Function

	
OFDR

	
BOTDR




	
RMSE

	
SNR

	
r

	
RMSE

	
SNR

	
r






	
db2

	
7.5212

	
16.8995

	
0.1978

	
10.1323

	
15.3838

	
0.2872




	
db3

	
7.6670

	
16.7327

	
0.1203

	
10.1774

	
15.3452

	
0.2322




	
db4

	
7.4985

	
16.9257

	
0.1663

	
9.5799

	
15.8708

	
0.2972




	
db5

	
7.6571

	
16.7438

	
0.0434

	
10.2231

	
15.3063

	
0.0955




	
db6

	
7.6837

	
16.7138

	
0.0758

	
10.6659

	
14.9380

	
0.1720




	
db7

	
7.6410

	
16.7622

	
0.0722

	
10.5838

	
15.0051

	
0.1620




	
db8

	
7.6242

	
16.7813

	
0.0763

	
9.9320

	
15.5572

	
0.1543




	
db9

	
7.6496

	
16.7524

	
0.1591

	
10.0291

	
15.4727

	
0.3124




	
db10

	
7.6744

	
16.7243

	
0.1546

	
10.7909

	
14.8368

	
0.1546
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Table 3. Comparison of different smoothing methods.
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	Smooth Way
	RMSE
	SNR
	r





	Adjacent-average method (40 points)
	7.6175
	16.7889
	0.0291



	FFT filter method (40 points)
	7.6987
	16.6968
	0.0058
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Table 4. Comparison of monitoring results between OFDR and BOTDR.
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Distance/m

	
Load/kN

	
OFDR Monitoring Results /με

	
BOTDR Monitoring Results /με

	
Absolute Value of Data Error/με






	
3

	
800

	
−44

	
−43

	
1




	
1200

	
−72

	
−79

	
7




	
1600

	
−105

	
−106

	
1




	
6

	
800

	
−32

	
−38

	
6




	
1200

	
−54

	
−61

	
7




	
1600

	
−80

	
−84

	
4




	
9

	
800

	
−23

	
−22

	
1




	
1200

	
−40

	
−45

	
5




	
1600

	
−58

	
−57

	
1




	
12

	
800

	
−15

	
−17

	
2




	
1200

	
−25

	
−31

	
6




	
1600

	
−39

	
−40

	
1
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Table 5. Application effects of OFDR and BOTD in projects.
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	Technology Name
	Sensing Speed
	Operational Stability
	Environmental Adaptability
	Data Volatility





	OFDR
	Fast
	Poor stability, prone to a lot of noise in long-term operation
	Poor environmental adaptability and high requirements for operating temperature
	Small



	BOTDR
	Slow
	Good stability, long-term continuous operation
	Good environmental adaptability
	Big
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