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Abstract

:

The safety of soil slopes reinforced by ground anchors can be evaluated by monitoring the tensile force of the anchors. The tensile force of ground anchors can be determined by measuring the strain of the bearing plate that transfers the tensile force of the anchor to the ground. Therefore, in order to investigate the relation between the strain of the bearing plate and the tensile force of a ground anchor, the strain distributed on the bearing plate was measured by a fiber optic OFDR (optical frequency domain reflectometry) sensor, which was fabricated by a tunable laser source, auxiliary interferometer, and main interferometer. This OFDR sensor was operated through a sweep range of 500 GHz with a spatial resolution of 0.2 mm, and a strain accuracy of approximately 4 με, considering the system noise when operating in 5-cm segments. The sensing fiber was circularly bonded onto the bearing plate using epoxy, and the distributed strain was measured on the bearing plate while increasing the load up to 10 tons. From the experimental results, the difference between the strain near the anchor head and the strain at the far site is significant in the region where compression strain is dominant. However, such a tendency did not appear in areas where bending strain dominates. Therefore, in order to monitor an anchor tensile force, it is necessary to carefully study the calibration factor between the anchor tensile force and the strain of the bearing plate.
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1. Introduction


Recently, in the field of structural health monitoring, many studies have been conducted using optical fiber sensors [1]. Most notably, it is expected that the distributed strain sensing technique, which can be implemented only by optical fiber sensors, will be able to provide a new method for measuring the strain distribution for stress analysis of structures. Fiber optic sensors for distributed strain sensing have been developed with optical frequency domain reflectometry (OFDR) sensors using Rayleigh scattering, and Brillouin optical correlation domain analysis (BOCDA), Brillouin optical time domain analysis (BOTDA), and Brillouin optical time domain reflectometry (BOTDR) by Brillouin scattering [2,3]. In general, OFDR and BOCDA can achieve spatial resolution of less than 1 m [4,5,6]. In the field of construction engineering, the ground anchor system is used to stabilize slopes to prevent slope failure. The anchor system has the purpose of transmitting the tensile force of the anchor to the compressive force of the ground. Since the Cheurfas dam, in Algeria, utilized pre-stressing technology in 1935, various anchors have been developed and utilized for use on bridges, tunnels, and slopes [7,8]. Even so, most ground anchors have a basic mechanism for transferring the tensile force of the tendon to the ground. As shown in Figure 1a, the ground anchor consists of three parts: (1) the ground anchor body, (2) the anchor head, and (3) other parts related to the anchor head [9]. The ground anchor body is further divided into free anchor and fixed anchor sections. The free anchor, in which the strand or rod is covered by the sheath, transfers the tensile force from the anchor head to the fixed anchor section, where the tendon is grouted. The fixed anchor section transfers the tensile force to the ground by friction and compression. The ground anchor system is operated by various related accessories (e.g., wedges of anchor heads, nuts, and saddles) for easy operation.



Slopes are influenced by problems with the ground anchor components (e.g., secondary quality of the anti-corrosive material and poor quality of the anchor) and changes within the slope (e.g., freezing, thawing, and ground expansion). In the worst case, deformation of the slope causes damage to the anchor system as well as to the slope. Therefore, it is very important to detect a change in tensile force because damage to the anchor system necessarily involves a change in tensile force. If the change in tensile force is abnormal, the administrator must initiate a follow-up to identify the exact cause and ensure timely maintenance. In addition, an emergency warning can be issued if monitoring is expected to result in rapid slope failure. An electrical strain gauge can be applied to detect the tensile force change of the anchor system. An anchor tensile force measurement study has been performed using a fiber optic FBG (fiber Bragg grating) sensor [10]. This sensor used in this study has difficulties in fabrication because the optical fiber is embedded in the tensile strand in order to measure tensile force. When the tensile force of the anchor is changed, the bearing plate is deformed, as shown in Figure 1b, so that the strain of the bearing plate can be measured and converted into the tensile force of the anchor. Ideally, the tensile force of the anchor acts on the center portion of the bearing plate, so that the strain at the surface of the bearing plate will be distributed symmetrically with respect to the center. The strain on the surface of the bearing plate consists of the circumferential strain and the radial strain. The axial strain (εaxial) of the anchor is related to the circumferential strain (εcirc) and radial strain (εrad) as follows:


   ε  a x i a l   ≈ − v  ε  c i r c   ≈ − v  ε  r a d    



(1)




where ν is Poisson’s ratio. However, in reality, the bearing plate can undergo bending deformation, which should also be considered when calculating the anchor’s tensile force. Since it is easy to install the optical fiber on the surface of the bearing plate in a circular shape, it is preferable to examine the correlation with the anchor tensile force after measuring the circumferential strain distribution of the bearing plate. Therefore, in this study, to investigate the feasibility of measuring anchor tensile force from bearing plate strain, which is measured by a sensing optical fiber installed in a circumferential direction, we performed basic research to measure the strain distributed on a bearing plate surface. A fiber optic OFDR sensor was fabricated to acquire the strain distribution. The sensing fiber was glued onto the bearing plate with an epoxy adhesive, and four electrical strain gauges were also applied for comparison. The distributed strain was measured and the deformation behavior of the bearing plate was examined. The current paper describes sensor fabrication and testing, and discusses the implications for anchor load measurement.




2. Fabrication of Fiber Optic OFDR Sensor


A schematic diagram of a fiber optic OFDR sensor is shown in Figure 2a. Light launched from a tunable laser source (TLS, Agilent 8164B) is divided by a 1:99 coupler (C1). The TLS light is swept from 1545 to 1551 nm, i.e., a 500-GHz sweep range (Δν). A small portion of light (1%) is sent to an auxiliary interferometer (AI), while the remaining light travels to a main interferometer. The AI is a simple Mach–Zehnder interferometer, which has 100 m delay between two arms. It creates an interfered signal which has same frequency spacing. With this interfered signal, a clock signal is generated to remove tuning nonlinearity. The main interferometer is constructed by a 50:50 coupler (C2). The Fresnel reflection generated by one fiber end of C2 can be termed a local oscillator (LO). When the light of the tunable laser source scans another arm, which is termed a sensing fiber, the Rayleigh backscattering (RBS) and connector reflections are generated. The signals of the LO and the sensing fiber are recombined at C2, and this produces a beat signal, which has a different frequency resulting from the difference in the length between the LO and sensing fiber. This beat signal is divided by a polarization beam splitter (PBS) using a polarization-diversity scheme [11]. Two polarization controllers (PC1 and PC2) are used to optimize the signal to noise-ratio (SNR) of the RBS signal of the OFDR. This fabricated OFDR sensor system is shown in Figure 2b.




3. Preparation of the Bearing Plate of Anchor System


The bearing plate of the anchor system is shown in Figure 3 with a sensing fiber and four electrical strain gauges (ESG). The sensing fiber was installed on the bearing plate in a concentric circle with approximately five rotations in a radial direction at intervals of 0.5 cm. In addition, there is also an overlap of the optical fiber, which is installed with an additional rotation on the bearing plate. As a result, there were six rounds of data measured in the longitudinal direction of the sensing optical fiber; however, the data obtained from the overlapping fiber were removed prior to analyzing the results. The strain gauges were also installed, as shown in Figure 3a, at different distances from the anchor head, so that the effect on the spatial position on the bearing plate could be confirmed. Figure 3b is a photograph of the produced bearing plate. Figure 4 shows the distance domain signal of the bearing plate, which is obtained from the sensing optical fiber by the OFDR. This signal is obtained by fast Fourier transform (FFT) processing of the frequency domain signal obtained from the sensor. The light source was swept at a speed of 5 nm/s for a frequency range of 500 GHz to have a distance resolution of 0.2 mm (z = c/(2 ngΔν)). In Figure 4, the intensity of this signal is approximately 5 dB, and the length of the sensing fiber installed on the bearing plate is between 4 m and 9.5 m depending on the connector reflection.



The strain can be obtained from the correlation frequency shift multiplied by the strain sensitivity, which is 0.7 με/GHz, and the property of the sensing optical fiber. The correlation frequency shift is determined by cross-correlation processing between the reference and sensing distance domain signals of each segment position. The segment size was selected to be 5 cm. In this experimental study, strain data were obtained by moving at 1 mm intervals using distance data corresponding to each segment. With this segment size, the theoretical frequency resolution is 2 GHz, which equates to a strain resolution of 14 με [12]. Figure 5 shows the signals measured nine times in the 8500–8600 mm distance range of the sensing fiber. Outside of the 8560–8600 mm range, variation is less than approximately ±1 με. In this figure, it was considered that strain variation in the range of 8560–8600 mm would be affected by small movements of the sensing fiber. Even with this effect in mind, the impact on strain measurement accuracy is less than ±2 με.




4. Anchor Tension Test with the Bearing Plate


A universal testing machine (UTM) was used for loading the bearing plate with an anchor head as shown in Figure 6. Anchor tension testing was carried out with a load of up to 10 t while measuring the strain at 1 t intervals. Testing was performed by installing the load cell, fixed jig, anchor head, and bearing plate as shown in Figure 6a. In addition, strain gauges were connected to the bridge box and data collected from a computer via a signal conditioner. The anchor head on the bearing plate was connected to the bottom actuator of the universal testing machine by one bolt. In addition, the fixing jig connected to the base plate supporting the lower surface of the bearing plate was connected to the upper part of the universal testing machine shown in Figure 6b. The fixing jig was constructed with carbon steel of 23 mm thickness and dimensions of 270 mm × 270 mm × 250 mm. The base plate was reinforced by two bars in the same fashion as for the upper part of the fixing jig in order to prevent bending deformation. Therefore, when the universal testing machine is operated under the load control, the bearing plate is compressed between the anchor head and the base plate of the fixing jig.



The tension test was also performed under four setting directions of the bearing plate to investigate the symmetricity of the plate, as shown in Figure 7. In this figure, the locations of the four ESGs were also changed due to the change of the setting direction.




5. Results and Discussion


Figure 8 shows the measured values from four strain gauges after applying 10 t with a universal testing machine. The four setting directions (0, 90, 180, and 270 degrees) of the bearing plate in the fixing jig are shown on the horizontal axis. When the bearing plate is positioned at the position of zero degrees, the strain gauges are located closer to the wall of the fixing jig than in other positions. Therefore, as shown in Figure 8, it can be seen that the compressive strains of ESGs #1 and #2, close to the anchor head, are larger than that of ESGs #3 and #4. This tendency is maintained even if the installation direction of the bearing plate in the fixing jig is changed. However, the compressive strain of ESG #4 increases significantly when the mounting direction of the bearing plate is 90 and 270 degrees.



Figure 9 shows the strain gauge values when the bearing plate is placed in the fixing jig at 0 degrees and the load is varied from 1 to 10 tons. The strain of ESG #4 is smaller than that of other strain gauges as load increases. In addition, the strains of ESGs #1 and #2 show almost the same values. Ideally, if the bearing plate is deformed only by the compression load from the anchor head, the value of the strain gauge will have to be larger as it is located closer to the anchor head.



Figure 10 shows the distributed strain measured by OFDR while increasing the anchor load by 1 t increments in a range of 1 t to 10 t. The horizontal axis represents the position of the sensing fiber, with 5250 mm near the anchor head, and 8450 mm far from the anchor head. However, the strain distribution measured by the OFDR shows a tendency to periodically increase or decrease in the longitudinal direction of the sensing optical fiber, unlike the strain distribution behavior due to compression of the anchor head, which can be expected to be distributed in a monotonically decreasing pattern from the anchor head.



Figure 11 maps the distributed strain shown in Figure 10 to each position on the plane of the bearing plate. The larger the compressive strain, the brighter the representation in Figure 11; portions that are in measurement positions are shaded black. If the effect of compressive load due to the anchor head only affects the bearing plate, a point symmetric strain distribution should be shown with respect to the center of the bearing plate. However, contrary to this, the experimental results are symmetrical with respect to the horizontal position of 10 cm as shown in Figure 11. These results suggest that not only the compressive load of the anchor head but also the bending load due to the fixing jig influenced the deformation behavior of the bearing plate. Accordingly, the bearing plate is subjected to bending deformation, and the largest compression deformation occurs at a horizontal position of 10 cm. It can be seen that there is little difference in strain between near and far positions from the anchor head. On the other hand, it can be seen that there is a difference in the magnitude of the strain near and far from the anchor head at the vertical position of 10 cm, so that the compressive strain due to the anchor head dominates at that position.



Figure 12 shows the variation of strain according to the load at two specific positions taken from Figure 11. That is, the strains labelled (b) in Figure 12 are those selected from each point of five lines of the sensing fiber at the 10 cm horizontal position, where the bending load has an effect. In addition, strains were selected one by one in each of the five sensing fiber lines at a 10 cm vertical position where the compression load of the anchor head is dominant; these are labelled (a) in Figure 12.



As the anchor load increases, group (a), which has a large influence on the bending load, has a large strain variation, but the difference between the respective strains is smaller than for group (b). In addition, the strains of group (b), which have a large effect of the anchor compressive load, are smaller than those of the group (a) due to the increase of the load, but the difference between the strains increases due to the increase of the load. As shown in Figure 10, Figure 11 and Figure 12, such bending deformation is a phenomenon caused by bending of the base plate of the fixing jig. If the bending rigidity of the fixing jig base plate is increased, compression deformation due to the anchor head will predominantly appear. The bearing plate of a typical anchor head also undergoes bending deformation, but it is considered to occur in a symmetrical form with respect to the center. It was also considered that the complicated strain distribution of such a bearing plate can be seen in reality. Therefore, it was found that the deformation behavior of the bearing plate should be considered when measuring the strain of the bearing plate in order to monitor the anchor load. That is, when the strain distribution of the bearing plate does not have a point symmetric distribution due to the anchor load, it cannot be simply converted to the load of the anchor by measuring one point of strain at an arbitrary location.




6. Conclusions


In order to monitor the safety of soil slopes reinforced by ground anchors, the tensile forces of anchors should be measured. The tensile force of a ground anchor can be determined by measuring the strain of a bearing plate that transfers the tensile force of the anchor to the ground, because the strain can be assumed to be proportional to the ground anchor force. Therefore, the strain distribution of the bearing plate was investigated by a fiber optic OFDR sensor, which was fabricated from a tunable laser source, an auxiliary interferometer and a main interferometer. This OFDR sensor was operated through a sweep range of 500 GHz with a spatial resolution of 0.2 mm, and a strain accuracy of approximately 4 με, considering the system noise when processing the signal in 5-cm segments. The sensing fiber was circularly bonded onto the bearing plate using epoxy, and the distributed strain was measured on the bearing plate while increasing the load up to 10 t. As a result, it was confirmed that the bearing plate was subjected to not only compressive deformation but also bending deformation. It was considered that the complicated strain distribution of such a bearing plate can be seen in reality. Therefore, the deformation behavior of the bearing plate should be carefully considered when measuring the strain of the bearing plate in order to monitor the anchor load. That is, when the strain distribution of the bearing plate does not have a point symmetric distribution due to the anchor load, it can be understood that it is necessary to carefully study the calibration to monitor the load of the anchor by measuring one point of strain of the bearing plate. However, in future, by measuring the circumferential distribution strain of the anchor bearing plate, the tensile force of the anchor may be able to be monitored by analyzing the bearing plate deformation behavior.
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Figure 1. Conceptual diagram (a), and load state (b) of ground anchor system. 
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Figure 2. Fiber optic optical frequency domain reflectometry (OFDR) sensor. (a) Schematic diagram (b) Fabricated OFDR. (TLS: tunable laser source, PD: Photo-detector, DAQ: data acquisition, CLK; Clock) 
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Figure 3. The bearing plate with a sensing optical fiber and four electrical strain gauges. (a) Conceptual drawing (b) Photograph. 
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Figure 4. Distance domain signal of OFDR sensor. 
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Figure 5. Strain signal variation at some portion of the sensing optical fiber. 
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Figure 6. Anchor loading by universal testing machine (UTM) (a) UTM (b) the beating plate with a sensing fiber. 
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Figure 7. Four positions of the bearing plate installed in the fixing jig. 
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Figure 8. Strains from four strain gauges with a 10 t load due to the placing angles of the bearing plate in the fixing jig. 
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Figure 9. Strains from four strain gauges bonded on the bearing plate installed with 0 degrees with varying loads. 
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Figure 10. Strains from the sensing fiber of OFDR sensor bonded on the bearing plate due to loads. 
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Figure 11. Strain distribution on the bearing plate from OFDR sensor under 10 t loading. 
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Figure 12. Strains on the bearing plate from OFDR sensor due to loading. 
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