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Accurate acquisition of the moisture field distribution in in situ soil is of great significance to prevent geological disasters and protect the soil ecological environment. In recent years, rapidly developed fiber-optic sensing technology has shown outstanding advantages, such as distributed measurement, long-distance monitoring, and good durability, which provides a new technical means for soil moisture field monitoring. After several years of technical research, the authors’ group has made a number of new achievements in the development of fiber-optic sensing technology for the soil moisture field, that is, two new fiber-optic sensing technologies for soil moisture content, including the actively heated fiber Bragg grating (AH-FBG) technology and the actively heated distributed temperature sensing (AH-DTS) technology, and a new fiber-optic sensing technology for soil pore gas humidity are developed. This paper systematically summarizes the three fiber-optic sensing technologies for soil moisture field, including sensing principle, sensor development and calibration test. Moreover, the practical application cases of three fiber-optic sensing technologies are introduced. Finally, the development trend of fiber-optic sensing technology for soil moisture field in the future is summarized and prospected.
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INTRODUCTION
The distribution of the soil moisture field is an important factor affecting soil stability (Bittelli et al., 2008; Heitman et al., 2008). Geological disasters, such as landslide, debris flow, collapse, and land settlement, as well as geotechnical problems, such as foundation pit instability, retaining wall collapse, and tunnel leakage, are closely related to the soil moisture field. Therefore, the monitoring of soil moisture field is of great significance for mastering the engineering properties of soil, predicting geological disasters, and solving various geotechnical problems.
The quantitative indexes reflecting the soil moisture field are soil water content and pore gas humidity. Traditional methods for soil water content measurement mainly include the oven-drying method (Zhao et al., 2019; He et al., 2020), the resistivity method (Gunn et al., 2015; Ma et al., 2019), and the time domain reflectometry (TDR) method (Watanabe and Wake, 2009; Pastuszka et al., 2014; Zhou et al., 2014). Oven-drying is the most common and simple method to measure the soil water content; however, this method destroys the original structure of in situ soil and cannot realize remote monitoring. The resistivity method determines the soil water content by measuring the resistivity between two electrodes embedded in the soil, so it is difficult to meet the requirements of distributed monitoring of soil water content. TDR can obtain the soil dielectric constant by measuring the electromagnetic wave between the probes inserted into the soil to determine the soil water content. At present, TDR is a common method for in situ soil water content monitoring. However, it is difficult to realize the water content measurement in deep soil and meet the requirements of long-distance and distributed monitoring.
In recent years, the actively heated fiber-optic (AHFO) method developed on the basis of distributed temperature sensing (DTS), referred to as the AH-DTS method, provides a technical basis for soil water content measurement, which has attracted extensive attention because of its advantages of small size, anti-electromagnetic interference, distributed measurement, and potentially low cost (Selker et al., 2006; Read et al., 2013). Sayde et al. (2010) first proposed a DTS fiber-optic cable heated by stainless steel and inferred the soil water content through the heat loss speed in the surrounding soil. Since then, some scholars have tried to apply the AHFO method to a large number of laboratory tests (Ciocca et al., 2012; Gil-Rodríguez et al., 2013; Wu et al., 2017, 2020) and some field applications (Striegl and Loheide, 2012; Sayde et al., 2014; Benítez-Buelga et al., 2016), and all achieved satisfactory results. However, the AHFO method is far from becoming a mature technology according to the internationally reported results of AHFO, which is reflected in the lack of AHFO sensor products, corresponding AHFO monitoring software, and standardized commercial monitoring equipment. Also, most studies focus on soil water content monitoring in the agricultural irrigation fields. The relevant results are mainly for research purposes and have not been popularized and applied in engineering practice. In addition, it is worth noting that the pore gas humidity in the soil is an important parameter that directly determines soil suction and indirectly reflects soil moisture content (Gens and Alonso, 1992). Therefore, the development of the corresponding fiber-optic humidity sensing technology is also an important means to obtain the soil moisture field.
To this end, the authors’ group has developed two AHFO sensing technologies and related equipment for soil water content (Cao D. et al., 2018b; Cao et al., 2018a; Cao et al., 2018c; Sun et al., 2020; Sun et al., 2021) as well as a fiber-optic monitoring technology for soil pore gas humidity and related equipment (Guo et al., 2021a; Guo et al., 2021b) through several years of technical research, which have been fully industrialized and put on the market. This paper focus on two types of soil water content monitoring technologies, namely, actively heated fiber Bragg grating (AH-FBG) technology and the actively heated distributed temperature sensing (AH-DTS) technology, and one soil pore gas humidity monitoring technology. The sensing principle, sensor development, calibration tests and practical applications of these three technologies are presented.
FIBER-OPTIC SENSING PRINCIPLE OF SOIL MOISTURE FIELD
Measurement Principle of Soil Water Content
The AHFO-based water content measurement method uses a fiber-optic sensor with the active heating function as a thermal probe. The fiber-optic sensor buried in the soil is both a heat source and a thermometer. The soil water content distribution along the sensor is calculated by measuring the temperature distribution along the sensor. The fiber-optic sensor buried in the soil can be regarded as an infinitely long cylindrical heat source. During the heating process, the temperature change of the infinite sensor is as follows (Ciocca et al., 2012):
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where Tt is the rise in temperature (C) or the temperature characteristic value, T(t) is the temperature of the heat source (C) corresponding to the heating time t, T0 is the initial soil temperature (C), Q is the heating power per unit length (W m−1), λ is the soil thermal conductivity (W m−1 K−1), R is the thermal resistance per unit length (m K W−1) between the fiber-optic sensor and the soil wall, K is the thermal diffusivity (m2 s−1) of the soil, a is the outer diameter (m) of the sensor, and c = 1.7811 = exp (γ) where γ is the Euler–Mascheroni constant (γ = 0.5772).
According to the research of Sun et al. (2020), when the fiber-optic sensor is in close contact with the soil, after heating for a certain time, Eq. 1 can be approximated as
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where [image: image] is a constant.
The mineral composition and dry density of in situ soil can be considered as fixed values, so the λ is only related to the soil volumetric water content (θ), and there is the only corresponding functional relationship between λ and θ, namely,
[image: image]
The following relationship can be obtained by combining Eqs 2, 3:
[image: image]
As can be seen from Eq. 4, θ can be calculated by measuring Tt on the basis of the Tt–θ relationship obtained by the calibration test. Therefore, based on the Côté and Konrad thermal conductivity calculation model and a large number of experimental analyses, the authors’ group proposes a calibration model describing the Tt–θ relationship, which is expressed as
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where [image: image], [image: image], [image: image] are all constants; λsat is the saturated thermal conductivity (W m−1 K−1); λdry is the dry thermal conductivity (W m−1 K−1); n is the soil porosity; and κ is an empirical parameter related to the soil type and freezing state. Among them, A, B, and C are fitted by the results of the Tt–θ calibration test.
Measurement Principle of Soil Pore Gas Humidity
Humidity sensing can be realized by coating the moisture-sensitive material on the optical fiber with a specific process. When the ambient humidity increases, the moisture-sensitive material absorbs water molecules from the air under the action of humidity difference, and the volume of the material becomes larger, resulting in a tensile strain of the optical fiber. On the contrary, when the ambient humidity decreases, the moisture-sensitive material discharges the internal water molecules, and the volume of the material shrinks, which, in turn, produces compressive strains of the optical fiber. At present, the authors’ group selects moisture-sensitive materials with linear hygroscopicity, polyimide (PI) and inorganic–organic hybrid polymer (ORMOCER®) to coat the FBG, and develop the corresponding soil pore gas humidity sensor. The PI/ORMOCER®-coated FBG (PI/OR-FBG) humidity sensor includes two FBGs. One is coated with moisture-sensitive material (FBG1) for humidity sensing, and the other is an uncoated FBG (FBG2) for temperature compensation in the humidity measurement process. The developed humidity sensor can measure humidity and temperature simultaneously (Guo et al., 2021a):
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where KT1 and KT2 are the temperature sensitivity coefficients (°C/nm) of FBG1 and FBG2, respectively; KRH is the humidity sensitivity coefficient of FBG1 (%RH/nm); and Δλ1 and Δλ2 are the Bragg wavelength variations (nm) of FBG1 and FBG2, respectively.
DEVELOPMENT AND APPLICATION OF FIBER-OPTIC SENSING TECHNOLOGY FOR SOIL WATER CONTENT
Sensor Development
AH-FBG Sensor
When FBG temperature measurement technology is used to monitor the quasi-distribution of soil water content, the AH-FBG sensor is the most basic sensing element. The authors’ group, together with NanZee Sensing Technology Co., Ltd., China, designed and developed two kinds of AH-FBG sensors, namely, the carbon fiber heated sensor (CFHS) (Cao et al., 2018c) and the alundum-tube packed heated sensor (APHS) (Cao et al., 2018b; Sun et al., 2021). The structures of CFHS and APHS are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of CFHS and APHS. (A) Internal structure of the CFHS. (B) External structure of the CFHS. (C) Photo of the CFHS. (D) Internal structure of the APHS (Cao et al., 2018c; Sun et al., 2021).
CFHS consists of a 5-mm-diameter carbon fiber rod, FBGs on a fiber optic coating, two binding posts, and electric cables. The carbon fiber rod is not only the skeleton of the CFHS, but also a heat source. When it is powered on, it generates heat to raise the temperature of the CFHS. The voltage at both ends of the carbon fiber rod is set according to its length, and the heating power per unit length of CFHS is constant during heating. FBG on an optical fiber is pasted on the surface of the carbon fiber rod with special packaging adhesive and connected to the FBG demodulator through a conductive fiber-optic. Note that the distance between adjacent FBGs can be set as required. Then, a layer of coating is added to the surface of the carbon fiber rod pasted with FBGs to prevent the CFHS from being damaged when it is installed in the soil and to prevent the electric leakage after the carbon fiber rod is powered on. Finally, two binding posts are installed at both ends of the carbon fiber rod to connect the electric cables.
APHS consists of a four-hole alundum tube, FBGs on an optical fiber, fiber sheath, resistance, and electric cables. The main component of the alundum tube is aluminum oxide, which is an insulating material and also has the advantages of strong corrosion resistance, good durability, and high strength. The alundum tube is not only a heat transfer material, but also a sheath material to protect the internal FBGs and resist physical damage. The diameter and number of internal holes of alundum tube can be customized as required. Generally, the four-hole alundum tube with a diameter of 4 mm, hole diameter of 1 mm, and hole spacing of 1 mm can be selected as the sensor packaging tube. Among the four holes of the alundum tube, one hole is used to install the FBGs and the two nonadjacent holes are used to lay the resistance.
Both CFHS and APHS are quasi-distributed sensors, which have the advantages of light weight, small volume, easy to carry, strong anti-interference ability, short response time, and high spatial resolution, but the application scope of the two is different. CFHS has low strength and is easily damaged during installation, so it is very suitable for soil water content monitoring in laboratory tests. AHPS has high strength, and its alundum tube is easy to be made into a probe to test the soil water content through insertion. Therefore, AHPS is very suitable for in situ soil water content measurement.
By connecting multiple CFHSs or APHSs in series or parallel and using time, wavelength, and space division multiplexing technologies, one-, two-, and three-dimensional quasi-distributed monitoring of soil water content can be realized. Figure 2 is the schematic diagram of FBG quasi-distributed monitoring of soil water content.
[image: Figure 2]FIGURE 2 | Schematic diagram of FBG quasi-distributed monitoring of soil water content.
AH-DTS Sensor
The performance of the heated fiber-optic cable is very important to the AH-DTS technology. The authors’ group, together with NanZee Sensing Technology Co., Ltd., China, designed and developed two kinds of AH-DTS sensors: carbon fiber heated cable (CFHC) and the metal net heated cable (MNHC). Their structures are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Structures of CFHC and MNHC. (A) CFHC. (B) MNHC (Shi et al., 2021).
CFHC is composed of fiber-optic cable, carbon fiber, and a cable jacket. Among them, the fiber-optic cable is composed of a fiber core, cladding, coating, and optical fiber coat; the carbon fiber is wrapped around the fiber-optic cable in filaments. The structure of MNHC is similar to that of CFHC. The difference is that the MNHC is electrically heated by the metal net, which has low resistance. Therefore, if CFHC and MNHC are required to achieve the same heating power per unit length (Q), MNHC requires less voltage. Due to the limited voltage supply on site, MNHC is more suitable for long-distance measurement than CFHC. See Table 1 for the comparison of physical properties between CFHC and MNHC.
TABLE 1 | Comparison of physical properties between CFHC and MNHC.
[image: Table 1]In summary, CFHC has large resistance, high required voltage, and strong corrosion resistance. It is suitable for short-distance (<500 m) soil water content monitoring, whereas MNHC with small resistance is more suitable for long-distance and large-scale soil water content monitoring.
The spatial resolution of DTS technology is 1 m, which limits the refined measurement of soil water content. To realize soil water content monitoring with a high spatial resolution, the heated fiber-optic cable can be wrapped around the tube or rod to form a heated sensing tube. Figure 4 shows the schematic diagram of the carbon fiber heated sensing tube (CFHST).
[image: Figure 4]FIGURE 4 | Schematic diagram of CFHST. (A) CFHST structure. (B) Photo of the CFHST. (C) Screwed-on connection of the CFHST (Cao et al., 2018a).
The CFHST is composed of three parts: the inner pipe, CFHC, and screw. The inner pipe can be made of different materials, usually PVC pipe with a diameter of 5 cm. The length of the CFHST can be determined according to the actual needs, which is generally 4 m. The two adjacent CFHSTs are connected through screws and a nut as shown in Figure 4C. The CFHC is tightly wound on the inner pipe so that the influence radius of the CFHST after heating is much larger than that of a single CFHC, which greatly improves the measurement accuracy of CFHST. More importantly, CFHST greatly improves the spatial resolution of the DTS cable. The improvement rate of spatial resolution can be calculated by Eqs 7, 8:
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where M is the spatial resolution of CFHST (m), N is the improvement rate of spatial resolution, d is the diameter (m) of CFHC or MNHC, D is the diameter of CFHST (m), and S is the spatial resolution of DTS (m). For example, if a CFHC is tightly wound on the inner tube, according to Eqs 7, 8, the calculated spatial resolution of CFHST is increased to 2.5 cm, and the improvement rate is about 40.
Calibration Tests
Whether the quasi-distributed AH-FBG soil water content test or the fully distributed AH-DTS soil water content test are used, the soil needs to be calibrated before the test. The aim of calibration tests is to establish the Tt–θ relationship of the soil. The calibration device can be a standardized device equipped with the test system, or it can be built temporarily according to the actual situation. Figure 5A is a calibration device made of PVC pipe. The top side of the PVC pipe is a movable plate, which can be removed during soil loading or excavation. Moreover, sealing plugs are installed at both ends of the PVC pipe to prevent water loss in the soil during the calibration process.
[image: Figure 5]FIGURE 5 | Calibration device and demodulators. (A) Calibration device made of PVC pipe (Cao et al., 2018c). (B) NZS-FBG-A07 demodulator used for AH-FBG sensors and its technical parameters. (C) NZS-DMS-A03 demodulator used for AH-DTS sensors and its technical parameters.
During the calibration test, the density of the soil sample in the calibration device should be the same as that of the tested in situ soil as much as possible to reduce the influence of density on the test results. The soil water content gravimetrically determined by oven-drying is used as the real value. Soil samples with different water contents were first prepared, and the calibrated sensor was embedded into the soil sample. Next, the temperature change curves with time were obtained under different soil water contents by the FBG or DTS temperature measurement system and the corresponding temperature characteristic value (Tt) was determined. Finally, the Tt–θ calibration curve can be obtained, and the calibration coefficients in Eq. 5 can be determined. It should be noted that the optimal heating power of AHFO sensors is 10–35 W/m. If the heating power is too small and the sensitivity of Tt to θ is low, it is difficult to reflect subtle θ change. On the contrary, if the heating power is too large, it causes water migration of the surrounding soil. Therefore, it is suggested that the specific heating power should be selected according to site conditions.
During calibration tests or field monitoring, the corresponding FBG/DTS demodulator needs to be used to obtain the data measured by the sensor. Figure 5B shows the NZS-FBG-A07 demodulator used for AH-FBG sensors and its technical parameters. Figure 5C shows the NZS-DMS-A03 demodulator used for AH-DTS sensors and its technical parameters. Note that the two demodulators are produced by NanZee Sensing Technology Co. Ltd., China.
Application Cases
The fiber-optic sensing technology for soil water content has been verified in engineering practice and well applied in the monitoring of loess ground, slopes, foundation pit, and landslides.
In Situ Loess Water Content Monitoring Based on AH-FBG Technology
Figure 6A shows the layout scheme of APHS on a loess slope. Ten APHSs are arranged along the loess slope. It is worth noting that there is a 4-m-high scarp between sensors six and seven. Moreover, there is a corresponding neutron probe used for soil water content measurement near each APHS. Figures 6B–G shows the installation steps of the APHS. First, drill a hole with a diameter slightly smaller than that of APHS by using a soil extractor. Then, insert the APHS into the soil slowly to ensure that the APHS is in close contact with the surrounding soil, and finally, protect the APHS with a fence. Ten electric cables and 10 fiber-optic cables of APHS are routed from underground to the monitoring station through pre-excavated trenches, of which 10 electric cables and 10 optical fibers are connected to the relay and the FBG demodulator, respectively, in the monitoring station. The AH-FBG in situ monitoring system can realize quasi-distributed, remote, wireless, and in situ monitoring of soil water content.
[image: Figure 6]FIGURE 6 | Layout scheme and installation steps of 10 APHSs. (A) Layout scheme. (B) Close-up view of APHS sensor. (C) Boring with a soil extractor. (D) APHS installation. (E) Trench excavation, (F) Trench backfilling. (G) Fence protection (Sun et al., 2021).
Figure 7 shows the soil water content distribution of the slope in different months. It can be seen that, in any month, the soil water content near the scarp (No. 5–7) is high, and that at the top (No. 1–4) and bottom of the slope (No. 8–10) is low. The 4-m-high scarp results in water retention at the top of the scarp. At the same time, the retained water is difficult to flow into the bottom of the slope; thus, the water content near the scarp is relatively high. The soil water content distribution in each month in Figure 7 illustrates that the water content of shallow soil changes obviously with seasons. The soil water content is low in winter (December to February) and high in autumn (November) and spring (March to April), which indicates that evaporation in winter enhances the spatial distribution difference of soil water content, whereas rainfall infiltration in summer reduces the spatial distribution difference of soil water content.
[image: Figure 7]FIGURE 7 | Soil water content distribution of the slope in different months. (A) 2019/11/10. (B) 2019/12/10. (C) 2020/1/10. (D) 2020/2/10. (E) 2020/3/10. (F) 2020/4/10 (Sun et al., 2021).
Figure 8 shows the comparison results of soil water content measured by APHS and neutron probe on January 6, 2020. It can be seen that the soil water contents measured by the two sensors are very consistent, and the root mean square error (RMSE) is only 0.014 cm3/cm3, which indicates that the APHS has good accuracy and further proves the feasibility and effectiveness of AH-FBG technology.
[image: Figure 8]FIGURE 8 | Comparison results of soil water content measured by APHS and neutron probe on January 6, 2020 (Sun et al., 2021).
In Situ Monitoring of Foundation Pit Dewatering Process Based on AH-DTS Technology
Figure 9 is the schematic diagram of the CFHST used for soil water content monitoring of a foundation pit in Changzhou, China. The stratum of the foundation pit is composed of clay, silt, and clay from top to bottom. In the field test, the diameter of the selected CFHST is 7 cm with a 5-cm-diameter inner tube, and the total length is 20 m. It is formed by connecting five sensing tubes. Note that the production of CFHST is done indoors, and the CFHST is directly assembled in the field.
[image: Figure 9]FIGURE 9 | Schematic diagram of CFHST used for soil water content monitoring of a foundation pit in Changzhou (Cao et al., 2018a).
CFHST is arranged by drilling and embedding. After the CFHST is lowered into the borehole, it is necessary to backfill soil into the borehole to ensure good contact between CFHST and surrounding soil. After installation, the fiber-optic cables are connected to the DTS demodulator in the monitoring station, and at the same time, all the electric cables on the CFHST are connected to the voltage stabilizer with wires. The voltage stabilizer provides voltage to the CFHST to ensure constant power in the heating process. During the test, the heating time was 20 min, and monitoring data were recorded by the DTS demodulator every 30 s. Note that the Tt–θ calibration formulas of two types of soil are determined through indoor calibration tests. Therefore, the θ can be calculated by the measured Tt.
Figure 10A is the spatiotemporal distribution of soil water content measured by CFHST during the foundation pit dewatering process. It can be seen that the groundwater level decreases continuously during the whole test process from 9.81 m at the beginning to 14.08 m at the end. The soil water content of the topsoil layer is obviously affected by the weather, and the influence depth is about 4 m. Before the test, 38 groups of soil samples were drilled and collected, and their water contents were determined by oven drying. The soil water contents obtained by CFHST were compared with the results of the oven-drying method as shown in Figure 10B. It can be seen that, within the test depth range, the soil water contents measured by the two methods are highly consistent with each other.
[image: Figure 10]FIGURE 10 | Test results measured by CFHST. (A) Spatiotemporal distribution of soil water content measured by CFHST during the foundation pit dewatering process. (B) Comparison of soil water contents measured by CFHST and the oven-dry method (Cao et al., 2018a).
Figure 11 shows the error between the soil water content measured by CFHST and the oven-drying method. It can be seen that the test data of the two methods are very close to the 1:1 line, the R2 of sand and clay are 0.941 and 0.934, respectively, and the RMSE of sand and clay are 0.018 m3/m3 and 0.053 m3/m3, respectively. The overall RMSE (0.046 m3/m3) is very close to the RMSE (0.048 m3/m3) obtained by Sayde et al. (2010). In summary, the soil water contents obtained by CFHST are very consistent with that measured by the oven-drying method, which proves the feasibility and effectiveness of the AH-DTS technology.
[image: Figure 11]FIGURE 11 | Error analysis for the soil water content obtained by CFHST in field site. (A) Error of the overall soil samples. (B) Error of fine sand. (C) Error of clay (Cao et al., 2018a).
In Situ Monitoring of Seasonally Frozen Ground Based on AH-FBG Technology
To investigate the performance of AH-FBG in monitoring seasonally frozen soil, a field monitoring station was built in Huining, Gansu Province, China. Prior to field monitoring, a laboratory study was conducted to explore the feasibility of extending the monitoring scope of AH-FBG to seasonally frozen soils, and the empirical relationship between ice contents and temperature changes is established (Wu et al., 2021; Zhu et al., 2021). Through long-term field monitoring, the total water content, unfrozen water content, and ice content of the ground soil at a depth of 0–100 mm were obtained. This synchronization intuitively reflects the freezing–thawing process of soil. More details about the field monitoring test can be found in the literature of Cao et al. (2021).
DEVELOPMENT AND APPLICATION OF FIBER-OPTIC SENSING TECHNOLOGY FOR SOIL PORE GAS HUMIDITY
Sensor Development
Figure 12A shows the encapsulated PI-FBG humidity sensor that can be used for soil pore gas humidity measurement. There is a PI-coated FBG and an uncoated FBG inside the sensor. Two FBGs are passed through the two small holes reserved on the stainless-steel thread. Then, the top ends of two FBGs are fixed on the stainless-steel bracket with UV-curable adhesive, which ensures the influence of strain on FBGs is eliminated. Note that the two gratings should be placed at the same height to improve the accuracy of temperature compensation. Next, the two FBGs fixed on the stainless-steel bracket are protected with a 12-mm-diameter powder-sinter. The connection between stainless-steel probe and thread is fixed and sealed with epoxy resin adhesive to prevent water. On the one hand, the stainless-steel probe can protect the FBGs from damage in harsh environments and prevent water and fine soil particles from entering the probe. On the other hand, this structure can play a role in air permeability and water resistance without affecting the exchange of air humidity. Afterward, the two optical fibers are respectively sheathed with a 0.9 mm-diameter fiber casing and passed through a black polyethylene fiber casing with a diameter of 2 mm. There is a stainless-steel spiral armoring tube in the black polyethylene fiber casing to protect the optical fibers from physical damage. Finally, the stainless steel is sealed with a green rubber cap to prevent external water from penetrating.
[image: Figure 12]FIGURE 12 | PI-FBG humidity sensor and calibration test device. (A) Inner structure of PI-FBG humidity sensor. (B) Calibration test device (Guo et al., 2021a; Guo et al., 2021b).
The structure of the OR-FBG humidity sensor is the same as that of the PI-FBG humidity sensor except that the FBG used for humidity sensing is coated with ORMOCER®. The performance comparison of the two humidity sensors is shown in Table 2. It can be seen from Table 2 that the humidity sensitivity of the PI-FBG humidity sensor is higher than that of the OR-FBG humidity sensor; and its response time is only half of that of the OR-FBG humidity sensor. It is worth noting that the humidity sensing characteristics of the PI-FBG humidity sensor are basically unchanged before and after immersion, and it can be used in high humidity or even with condensed water. However, the hysteresis and repeatability errors of the PI-FBG humidity sensor are higher than those of the OR-FBG humidity sensor. Therefore, it is recommended to select the type of humidity sensor according to site conditions. Moreover, the performance comparison of the proposed sensors with other optical sensing techniques can be found in the literature of Guo et al. (2021b).
TABLE 2 | Performance comparison of the two humidity sensors (Guo et al., 2021a).
[image: Table 2]Calibration Tests
Figure 12B shows the calibration test device of the FBG humidity sensor. The saturated salt solution method is used to control the ambient relative humidity, and eight kinds of salts, such as LiCl, CH3COOK, MgCl2, K2CO3, NaBr, NaCl, KCl, and K2SO4, were selected to control different ambient humidity. The saturated salt solution should be fully stirred with a glass rod. Moreover, the supersaturated salt should be controlled to one third of the height of the salt solution to keep a supersaturated state no matter what the temperature is. Then, the prepared saturated salt solutions were sealed in the humidity control boxes, respectively. Next, the humidity control boxes were put into a test chamber with a temperature control accuracy of ±0.1°C. Subsequently, the FBG humidity sensors to be calibrated and an electronic hygrometer were introduced into the humidity control box and then were fixed and sealed at the top of the boxes with hot melt adhesive. The optical fibers were led out of the test chamber, and the outlet was sealed with cotton. In the end, the optical fibers were connected to the FBG demodulator (NanZee Sensing Technology Co. Ltd., China), and the Bragg wavelength data was recorded by the computer.
During the calibration test, the temperature was kept at 25°C first. After the wavelengths of the FBG humidity sensor were stable, the data of the FBG humidity sensor and electronic hygrometer in each humidity control box were recorded. Thus, the KRH in Eq. 7 can be obtained by taking the humidity data measured by the electronic hygrometer as the real value and combining the wavelength data measured by the FBG humidity sensor. Then, the humidity was kept unchanged, and the temperature was varied from 10°C to 60°C with steps of 10°C. At each temperature, the stable wavelengths of the FBG humidity sensor were recorded. Thus, the KT1 and KT2 in Eq. 7 can be obtained by fitting the relationship between wavelength and temperature.
Application Case
Figure 13A shows the test device of the PI-FBG humidity sensor used in the unsaturated soil. Ten types of soil samples with different sand–kaolin mixing ratios were configured, and each type of soil sample was configured with different water content. Each soil sample was put into the test box in turn, and its dry density remained constant. The FBG humidity sensor embedded in soil was used to measure the pore gas humidity of each soil sample, and the tests were carried out at a constant temperature. An electronic hygrometer is placed around the soil sample to record the ambient temperature and humidity. During the humidity tests, the FBG demodulator (NanZee Sensing Technology Co. Ltd., China) recorded the wavelengths of the FBG humidity sensor after the temperature and humidity in each soil sample. Then, the soil pore gas humidity can be obtained according to the calibration results. After the test of each soil sample, three soil samples were taken around the humidity sensor to measure its real water content by the oven-drying method, and the average value was taken as the final water content.
[image: Figure 13]FIGURE 13 | Test device and results of PI-FBG humidity sensor used in the unsaturated soil. (A) Test device. (B) Relationships between pore gas humidity and water content of ten sand-kaolin mixtures (Guo et al., 2021b).
Figure 13B shows the relationships between pore gas humidity and water content of 10 sand–kaolin mixtures. The pore gas humidity in different sand–kaolin mixtures shows the same trend with the change of water content, which can be divided into two stages: when the water content is low, the pore gas humidity is very sensitive to the water content, and it increases linearly with the increase of water content; when the water content becomes higher with the further increase of water content, the pore gas humidity increases slowly and keeps stable after reaching 100 %RH. The minimum soil water content corresponding to the humidity of 100 %RH is defined as w100%RH. The occurrence of w100%RH indicates that the pore gas humidity in the soil has reached saturation. It is worth noting that, under the same water content, the higher the kaolin content, the smaller the humidity in the soil and the greater the w100%RH. This is because clay has better water-holding capacity than sand. Therefore, the higher the kaolin content, the less free water in the soil pores and the lower the pore gas humidity. The laboratory test verifies the feasibility and applicability of the FBG humidity sensor for pore gas humidity measurement in unsaturated soil.
DISCUSSION AND CONCLUSIONS
This paper systematically summarizes the innovative research work carried out by the authors’ group in the fiber-optic sensing technology for soil moisture field, including the AH-FBG and AH-DTS sensing technology for soil water content and a PI/OR-FBG sensing technology for soil pore gas humidity. These three technologies can realize large-scale, high-precision, distributed, and in situ monitoring of the soil water field, provide new technical means for the relevant research fields about the soil moisture (such as geotechnical engineering, soil, geology, environment, and hydrology), and promote further development of related research fields. Achieving large-scale and refined in situ monitoring is the highest goal of all measurement technologies. It is foreseeable that the fiber-optic sensing technology for soil moisture field will be further developed in the direction of integration, intelligence, networking, and miniaturization in the future.
For the fiber-optic sensing technology for soil water content, both the quasi-distributed AH-FBG sensing technology and the fully distributed AH-DTS sensing technology can realize the in situ monitoring of soil water content. Among them, the AH-FBG sensing technology has realized not only in situ but also remote and wireless monitoring of moisture content. However, the packaging materials (carbon fiber rod and corundum tube) used in the current AH-FBG sensors (CFHS and APHS) have poor shear resistance and are difficult to penetrate into deep soil, which limits the application of the two technologies in deep drill holes. Therefore, it is very necessary to develop a new fiber-optic sensor suitable for the soil water content measurement in drill holes. In the future, AHFO-FBG cables can be further developed because they do not have the problem of spatial resolution and are easy to deform concordantly with the soil. Moreover, AHFO-FBG cables can not only be installed in deep boreholes, but also be well coupled with the surrounding soil. The AH-DTS sensing technology has the special advantage of distributed and continuous measurement, however, it cannot realize remote and wireless monitoring at present. In the future, the development of the AHFO-DTS remote in situ monitoring system will be the focus of research.
As far as fiber-optic sensing technology for soil pore gas humidity is concerned, the feasibility has only been verified by laboratory tests. In the future, this technology will be further improved in the following two aspects. On the one hand, the PI/OR-FBG humidity sensors should be applied to the field tests to further verify their applicability for in situ soil pore gas humidity monitoring and be used to study the interaction between the in situ soil moisture field and the atmosphere. On the other hand, the theoretical and experimental verification of the PI/OR-FBG humidity sensor used in the suction measurement of unsaturated soils will be further improved so as to understand the soil moisture field from the perspective of soil suction.
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