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The glass fiber-reinforced polymer (GFRP) anchor, a new type of composite material anchor, has been widely used in foundation engineering of coastal areas. This study investigated the feasibility of applying the fiber Bragg grating (FBG) sensing technology to monitor the strain of the GFRP anchor during the pull test. Based on an advanced method, the FBG strain sensors were installed in GFRP anchors during the anchor manufacturing process. Then, GFRP anchors were installed into the pre-created borehole with an M30 cement mortar. Meanwhile, the FBG temperature sensors were installed next to the GFRP anchors to monitor the temperature change during the test. The axial force and average shear stress of GFRP anchors along depth during the pull test were analyzed, and the influence of temperature change on strain measurement was studied. The test results showed that the FBG sensing technology and the installation method of FBG strain sensors used in the test were feasible to monitor the mechanical properties of the GFRP anchor during the pull test. Moreover, the effect of temperature change on strain monitoring of FBG strain sensors was negligible.
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INTRODUCTION
In coastal areas, the traditional steel anti-floating anchors are prone to corrosion due to the high chlorine content within the underground water. The advantage in the application of inorganic–organic composite has promoted in engineering and geological systems (Hou et al., 2019; Hou et al., 2020a), which has affected the service life of the anti-floating anchor and the safety of buildings. The glass fiber-reinforced polymer (GFRP) anti-floating anchor is a new type of anchor made of resin and glass fiber (Toutanji and Saafi, 2000; Won et al., 2008). Compared with the reinforced anchor, the GFRP anchor has the advantages of high strength, strong corrosion resistance, and low electromagnetic properties (Ahmed et al., 2008; Robert and Benmokrane, 2010). At present, the GFRP anchor has been widely used in foundation engineering of coastal areas (Larralde and Silva–Rodriguez, 1993; Pecce et al., 2001; Lee et al., 2009; Sebastian et al., 2013).
Tensile strength is one of the most important mechanical properties of the anti-floating anchor. In the pullout test of the GFRP anchor, the stress and strain of anchors were generally measured by electrical sensors, such as wire strain gauge and dial gauge (Ashford and Jakrapiyanun, 2001; Ozkal et al., 2018). In general, the strain gauges are directly adhered to the surface of the anchor body or embedded into a pre-created groove to monitor the strain of the anchor (Liu and Yuan, 2010; Li et al., 2013a). Due to the uneven surface of the GFRP anchor, it is necessary to polish the surface of anchor before adhering the strain gauges, which damages the anchor structure and reduces the tensile strength of anchor (Chaallal and Benmokrane, 1993; Kilic et al., 2002). Moreover, the strain gauges installed in this way are easy to fall off and the survival rate is low, resulting in the loss of test data. However, there are more studies on the molecular dynamics of composite materials (Hou et al., 2017; Hou et al., 2020b).
The fiber Bragg grating (FBG) sensor system provides a new monitoring method in civil engineering. Compared with the traditional testing technologies, FBG technology has the advantages of high precision and sensitivity, easy installation, anti-electromagnetic interference, and remote monitoring (Rao, 1999; Hong et al., 2010; Li et al., 2014; Kou et al., 2018; Leal–Junior et al., 2018; Min et al., 2021). At present, fiber Bragg grating sensing technology has been applied in the construction and health detection of highways, bridges and tunnels, strain monitoring of deep foundation pit support, and pile stress tests (Kim et al., 2010; Zhu et al., 2010; Hassan et al., 2012; Wang et al., 2015; Barrias et al., 2016). For the GFRP anchor, Zhu et al. (2011), Li et al. (2013a) and Jin et al. (2014) all used the method of grooving on the surface of GFRP anchor, then adhering the FBG strain sensors along the groove to measure the strain of GFRP anchor. However, this method not only damages the structure of the GFRP anchor but also impacts the bearing capacity of the anchor. Therefore, it is important to find an advanced method to monitor the strain of the GFRP anchor without damaging the structure.
In this study, the feasibility of installing FBG sensors in GFRP anchor in the process of anchor manufacturing was investigated. To study the effect of temperature change on strain monitoring results, the FBG temperature sensors were installed close to the GFRP anchors on this basis of the axial force and average shear stress of the GFRP anchors were investigated through field pull test.
WORKING PRINCIPLE OF FBG SENSING TECHNOLOGY
Adding elements such as germanium (Ge), stannum (Sn), and boron (B) in optical fibers can improve the photosensitivity of the fiber. The Bragg grating is permanently photoetched into the core of an optical fiber by exposure to a two-beam ultraviolet (UV) interference pattern (Lee et al., 2004). This method can make the refractive index of the fiber change periodically along its length direction, thus forming a permanent phase Bragg grating. By injecting continuous incident light from one end into the fiber, the Bragg grating acts as a narrowband reflection filter. The wavelength satisfying the Bragg diffraction condition will be reflected by the Bragg grating, and the rest of the incident light will continue to transmit through the grating (Kou et al., 2018). The working principle of FBG sensing technology is shown in Figure 1. The Bragg resonance is determined using the following equation (Zhou et al., 2015):
[image: image]
where λ is the wavelength of reflected light, neff is effective refractive index of the fiber core, and Λ is the spatial pitch of the grating. The wavelength of reflected light is affected by the strain and temperature. If the stress or temperature changes, the central wavelength of reflected light will change. Information on strain and temperature can be calculated (Lee et al., 2004) as follows:
[image: image]
where Δλ is the wavelength change, Kε is the strain sensitivity coefficient, KT is the temperature sensitivity coefficient, λ0 is the initial wavelength, Δε is the strain change, and ΔT is the temperature change. When the temperature change is small, Eq. 2 can be simplified as follows:
[image: image]
[image: Figure 1]FIGURE 1 | Working principle of FBG sensing technology.
TEST PROGRAM
Material Properties
In this test, the GFRP anchors were produced by a manufacturing company in Nanjing, China. Two GFRP anchors, GFRP1 and GFRP2, with a length of 8,000 mm and a diameter of 28 mm, were studies. The resin volume fraction of the GFRP anchors is 25%, and the glass fiber volume fraction is 75%. The mechanical parameters of the GFRP anchor used in the test are shown in Table 1.
TABLE 1 | Mechanical parameters of the GFRP anchor.
[image: Table 1]The bare fiber is an SMF28-C fiber with a diameter of 900 μm, and the gratings were etched on the fiber at a certain distance to form a line of bare FBG sensors, as shown in Figure 2A. The grating length is 10 mm, with the central wavelength range of 1,510–1,590 nm, and the wavelength interval is greater than 5 nm, the reflectivity is greater than 80%, the 3 dB bandwidth is less than 0.3 nm, and the side-mode suppression ratio is greater than 15 dB. During the production of GFRP anchors, the bare FBG sensor line was fixed at the axis position of anchor mold, while resins and fibers were injected into the anchor mold. Then the anchor was put into the curing room, cured at 60°C for 24 h, and then at 85°C for 24 h. The bare fiber is fragile and easy to be damaged, which needs specific protection. Therefore, the outside bare fiber was threaded into a polytetra fluoroethylene tube with an inner diameter of 2 mm and an outer diameter of 4 mm, and then epoxy resin was injected in the tube by using a needle, as shown in Figure 2B. Data of the FBG sensor were collected by the FS 2200RM-rack-mountable Bragg meter demodulator manufactured in Portugal. The acquisition frequency was set at 1 Hz associated with the measurement band between 1,500 nm and 1,600 nm, the wavelength resolution in 1 p.m., and the instrument accuracy in ±2 p.m.
[image: Figure 2]FIGURE 2 | FBG strain sensors and GFRP anchor: (A) FBG strain sensors and (B) GFRP anchor with FBG sensors.
In order to study the influence of temperature change on the monitoring results of the FBG strain sensor, five FBG temperature sensors were embedded along the depth beside the test anchor. The length of the FBG temperature sensor is 18 mm, with a diameter of 2.0 mm and an interval distance of 1.0 m. Before the construction of the anchor, the temperature sensors were installed on a thin steel wire, then placed into the borehole along with the GFRP anchor, and the mortar was poured into the borehole. The installation location of FBG sensors is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Diagram of installation of FBG sensors.
Pull Test Procedures

1) Drilling and GFRP anchor installation: After land leveling, the hole drill was used to drill holes, and the direction of drilling is vertical to the ground (Figure 4A). The diameter of the drill borehole is 110 mm, and the depth of the drill borehole exceeds 0.5 m of the effective length of the anchor. After that, the test anchor was tied to the bracket and put into the borehole (Figure 4B). Then, the M30 cement mortar was injected into the borehole in the ordinary grouting method, and the mortar was cured for 28 days (Figure 4C).
2) Loading and test system: The installations of the test system include steel sleeve (the steel sleeve contact with the GFRP anchor through structural adhesive), anchorage device, steel plate (the thickness is 30 mm), KQF-60T center hole jack (the stroke of the jack is 20 cm), MGH-500 anchor cable dynamometer, GSJ-2A detector, and SI425 fiber grating demodulator, as shown in Figure 4D.
3) The pullout test was a destructive test, and the whole loading process adopted the gradation method. The first load was 40 kN, which was increased according to the following steps: 0→40 kN→80 kN→120 kN→160 kN→200 kN→240 kN→…, until the anchor was broken. The loading rate was 0.2 kN/s, and the loading time interval between the two adjacent load levels was 15 min. The pullout tests of the GFRP anchor were conducted according to the standard test method for the rock bolt anchor pull test (ASTM D4435-13e1, 2013). When the GFRP anti-floating anchor is broken, the fiber filament of the anchor is broken gradually and the fracture position is 2–3 cm higher than the solid surface of the anchor. During the whole fracture process lasting 2–3 s, 2∼ 3-mm-wide cracks appear in the solid of the anchor. When the GFRP anchor is damaged by shear and slip, the jack pressure cannot be increased, the bolt displacement keeps increasing, the anchor solid has cracks, and the fiber sheet has fractures. When the GFRP anchor is pulled out and destroyed, with a “bang,” the jack pressure gauge instantly becomes 0. Due to the impact of vibration, the dial indicator reading also changes suddenly, causing slippage of the anchor and anchor body. The schematic diagram of the anchor pull test system is shown in Figure 5.
[image: Figure 4]FIGURE 4 | Pull test procedure for GFRP anchor: (A) drilling borehole, (B) installing the anchor into the borehole, (C) pouring M30 cement mortar, and (D) pulling test.
[image: Figure 5]FIGURE 5 | Schematic diagram of the anchor pull test system.
TEST RESULTS AND ANALYSIS
Axial Force Along Depth
The axial strain εi of the GFRP anchors under different pulling forces can be measured by FBG strain sensors, and the axial force Fi can be calculated by using the following equation (Zhu et al., 2011):
[image: image]
where E is Young’s modulus of the GFRP anchor, which is 51.0 GPa, and the A is the cross sectional area of the GFRP anchor, which can be calculated by the diameter D = 28.0 mm.
The relationships between the axial force and depth under different pulling forces are shown in Figure 6. It can be seen that the axial force distribution of the GFRP1 and GFRP2 is almost the same. The axial force at different positions of the anchor increased with the load, and the increased amplitude was different. The increased amplitude was large in the deep part and small in the shallow part of the anchor. The stress was mainly concentrated in the anchor within about 3.0 m from the ground, and no stress was generated at the end of the anchor. With the increase in depth, the amplitude of the axial force decreased. It indicates that the axial force of the GFRP anchor was not distributed uniformly along the depth, but transmitted gradually along the depth (Li et al., 2013b).
[image: Figure 6]FIGURE 6 | Relationships between the axial force and depth: (A) GFRP1 and (B) GFRP2.
When the anchor length was constant, there was a critical value of the anchor length under the pulling forces, according to the references from Jin et al. (2014). Beyond this length, the tangential displacement of the anchor will increase, but the bearing capacity of the anchor will not increase. This length is called the critical anchorage length. Moreover, with the increase in anchor length, the displacement of the anchor head increased, leading to the decrease in surface friction resistance of anchorage body, which was unfavorable to the anti-floating stability of the structure. According to the Zhu et al. (2011), the anchorage length of the anchor should not be too short, and the length should not only ensure the full play of the bonding stress between the surrounding rock and the anchorage body but also ensure the adequate stress reserve of the anchor. It indicates that the stress transfer depth of the GFRP anchor with a diameter of 28 mm was about 3.5 m, and the reasonable anchorage length of the anchor with a diameter of 28 mm GFRP should be 3.5–6.0 m.
Average Shear Stress Along Depth
The average shear stress can be calculated as follows (Zhu et al., 2011):
[image: image]
where Fi denotes the axial force of GFRP anchor at test section i, Fi-1 is the axial force of GFRP anchor at test section i-1, d is the diameter of GFRP anchor bolt (28.0 mm), and ΔL is the distance between test section i and test section i-1.
The relationships between the average shear stress and depth under different pulling forces are shown in Figure 7. It can be seen that the average shear stress of the GFRP anchor increased at first and then decreased along with depth, and little shear stress could be transferred to the lower anchor. The maximum average shear stress of the GFRP anchor was about 0.8 m below the ground, and with the increase in pulling forces, the peak value of the shear stress curve increased gradually. When the maximum average shear stress reached the ultimate shear capacity of the anchor or the ultimate shear strength between the anchor and anchorage body, shear failure occurred at the maximum shear stress of the anchorage segment, which is consistent with the results of Li et al. (2013b) and Jin et al. (2014). Moreover, the distribution of average shear stress conforms to the theoretical solution derived from the Mindlin displacement solution (Kim et al., 2010). During the GFRP anti-floating anchor test, the damage between the anchor bar and the cement mortar adversely impacts the mechanical properties of the bonding medium. The bond-slip curve not only effectively avoids the difficulties caused by this adverse effect in the analysis of bonding performance but also accurately reflects the relationship between the bond stress and the slip of the GFRP bolt and the cement mortar under the pull-out load. Commonly used analysis models include BPE model, improved BPE model, CRM model, Gao Danying model, and Zheng Universe model. For specific analysis, refer to Kuang et al. (2020) which will not be repeated here.
[image: Figure 7]FIGURE 7 | Relationships between the average shear stress and depth: (A) GFRP1 and (B) GFRP2.
Influence of Temperature Change on Strain Measurement
According to Eq. 2, the wavelength change of FBG temperature sensors during the test was used to calculate the strain value of the anchors caused by temperature change. Once the axial strain is known, the axial force caused by the temperature change can be calculated by Eq. 1, and the result is shown in Figure 8. It can be seen that within the depth range of 2.0–5.0 m, the stress of the anchor caused by the temperature change was 0 in most cases. The stress at the depth of 1.0 m was affected by temperature change, but the axial force caused by temperature change was not more than 0.004 kPa. The influence of temperature on the calculation is lower than 0.001%. This is because the sensors near the ground were subjected to the temperature change of the environment more obviously, and the heat conduction had hysteresis (Zhou et al., 2015). Moreover, the FBG temperature sensors were installed in cement. The thermal conductivity of cement and the GFRP were 1.28 and 0.20, respectively (Kuang et al., 2020). The thermal conductivity of cement was significantly greater than that of GFRP, and the temperature change in the GFRP anchor should be less than that of cement. In summary, due to the short time of this test, the influence of temperature change on strain test results of the GFRP anchor can be ignored.
[image: Figure 8]FIGURE 8 | Axial force change caused by the temperature change: (A) GFRP1 and (B) GFRP2.
CONCLUSION
The objective of this study is to validate the feasibility of installing the FBG strain sensors in the GFRP anchor during the anchor manufacturing process. Based on field tests, the axial force, average shear stress, and influence of temperature on strain measurement were studied using the FBG sensor system. Preliminary conclusions and suggestions are summarized as follows:
1) The sensor installation method used in the test can effectively avoid the damage to the GFRP anchor and maintain the structural integrity of the GFRP anchor. The survival rate of 24 FBG strain sensors used in the test was 100%, suggesting the FBG sensing technology suitable for internal force monitoring of the GFRP anchor.
2) With the increase in pull forces, the stress of different position of the GFRP anchor increased significantly, but the increased amplitude was different. The stress transfer depth of the GFRP anchor with a diameter of 28 mm was 3.0–3.5 m, and the axial force of the anchor decreases with the depth.
3) The average shear stress of the GFRP anchor increased first and then decreased along depth, and the maximum shear stress appears at the position of 1.0 m. With the increase in pulling forces, the influence range of the average shear stress along depth expanded continuously.
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