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Abstract

:

Compared with slope surface measurement, subsurface monitoring has the potential to detect abnormal changes at an earlier stage. Due to the large-scale deformation of landslides and the complex geological environment, the existing subsurface devices generally have limited measuring range or high economic cost. Thus, it is urgent to develop an advanced method to improve the sustainable monitoring of large subsurface deformation. In this study, a novel flexible device is designed for slope subsurface monitoring, which combines an active waveguide of acoustic emission and the distinctive structure of a large-deformation bolt. An experimental system is built and a loading process of three-stage deformation is carried out to test the performance of the flexible device. The kinematic, mechanical and acoustic emission parameters are synchronously obtained in the whole landslide model test. The results indicate that different evolution stages of a landslide can be distinguished by sliding acceleration. The axial tension within the anchor cable changes consistently with sliding thrust. In addition, using acoustic emission to quantify slope deformation has achieved strong correlation. An extra experiment with constant velocity is conducted to explore the precision of deformation quantification by acoustic emission. A schematic diagram is presented for how this novel device would be used for landslide monitoring in the field, with the potential practicability of stabilizing the slope.






Keywords:


landslide deformation; subsurface measurement; flexible structure; acoustic emission; mechanics












1. Introduction


As a common natural disaster, landslides often cause huge destructive consequences, leading to serious casualties and property losses [1,2,3,4,5,6,7]. Slope monitoring can obtain landslide evolution information and detect abnormal changes in time, which is helpful for disaster prevention and emergency warning. Current techniques for slope deformation monitoring mainly includes surface and subsurface methods [8]. Surface deformation monitoring methods primarily use global navigation satellite system (GNSS), photogrammetry, remote sensing and fibre optics [9]. These surface methods are sensitive to interference by atmosphere, topography, vegetation and human factors [10,11,12,13,14]. The data update interval is usually long for surface monitoring and it is possible that the topsoil movement as a result of rainfall erosion may cause misjudgment and false alarms [11]. More critically, the surface monitoring cannot perceive the geological activity inside the slope, nor can it monitor the development and failure of the sliding surface. In fact, landslide is caused by the progressive damage of the internal structure of a slope, and the sliding surface plays a significant part in landslide evolution. Therefore, the evolution information of a landslide is sent out from the inner area, and the initial information can only be perceived inside the slope mass. Only when there is enough change in the slope mass can the slope surface deform macroscopically. Then the macroscopic deformation can be captured by the surface monitoring equipment if it exceeds a certain degree. In order to realize the sensitive perception and early warning of landslide hazards, it is necessary to carry out subsurface deformation monitoring. The subsurface device is directly attached to the borehole in the slope mass to obtain the direct information more efficiently and early, which can provide powerful support for the stability evaluation and disaster mitigation.



Subsurface deformation monitoring devices of slope movement usually have high measurement accuracy and time resolution, although they can only collect the information of the slope mass around the borehole and thus the spatial coverage is limited [15,16]. As shown in Table 1, three high-precision subsurface deformation monitoring methods are the inclinometer, ShapeAccelArray (SAA) and acoustic emission (AE) technology [9,17,18,19]. However, due to the rigidity and brittleness of inclinometer casing, the casing can be bent excessively when the local shear displacement reaches about 50 mm, resulting in the failure of the device [15,20,21]. As for SAA, the measured displacement of shear plane is more than hundreds of millimetres [9,22,23]. However, the expensive cost limits the wide application of SAA. It is noteworthy that AE is a sensitive and efficient monitoring technology, which appears in the initiation period of a landslide, along with the whole process of slope deformation. AE technology has the characteristics of being reliable, of low price, with high accuracy and can be conducted in real time [24,25]. AE is sensitive to minor changes in displacement and velocity, which can detect extremely slow-moving landslide and has the potential to release early warning [26,27,28,29].



AE monitoring of landslide deformation has been carried out for decades. Most studies on AE monitoring are qualitative research, that is, qualitatively judging the state of a slope according to the level of AE [24]. AE was used to quantify the magnitude change of landslide displacement rate for the first time in 2007 [32]. Furthermore, the proportional relationship between AE rate and displacement rate was first discovered and mathematically described in 2014 [33]. In order to avoid rapid attenuation of the AE signal which is difficult to detect, the waveguide is usually used in slope monitoring [28]. Passive waveguide (grouted waveguide) is often used in rock slope monitoring [34,35]. Steel pipe and granular backfills are used to form an active waveguide applied in soil slope monitoring [25,28,33,36]. With the movement of surrounding soil, the active waveguide itself deforms and generates AE. The feature parameters of AE can be used to quantify the deformation behaviour of the soil slope [17,23,29,33,35,37]. As a common parameter of AE, ring down count (RDC) refers to the number of times that the AE signal amplitude exceeds the pre-designed voltage threshold within a period of time [33]. In order to filter out environmental noise, AE signals are collected only when they are in a specific frequency range of 20–30 kHz, which is the dominant frequency range generated from an active waveguide [28,29,33]. However, the current waveguides are mostly metal tubes, which may undergo shear or bending failure during a landslide; thus, metal tubes are difficult to apply under the circumstance of large deformation (i.e., >500 mm). A kind of large-deformation bolt was invented and tested extensively [38,39]. The structure of the AE waveguide can be improved with reference to this large-deformation bolt. There seem to be few studies on the design of AE waveguide aiming at large-deformation monitoring of slope. Furthermore, the advantages have been underexploited for a novel flexible monitoring device combined with active waveguide and large-deformation bolt. It is worthwhile to develop an AE monitoring method using a flexible structure to sustainably measure the subsurface deformation of a slope.



The objectives of this study are fourfold: (1) to design a novel flexible device that is suitable to be applied in slope subsurface monitoring under large deformation; (2) to realize the synchronous monitor of AE and mechanical parameters using one flexible device; (3) to explore the correlation between the measured force of a flexible device and the thrust to the sliding body; (4) to examine the performance of deformation quantification by AE and the influence of a flexible device on the slope. In this study, a novel flexible monitoring device is designed and manufactured, and a landslide experiment system is built to test the feasibility and application effect of the proposed device. Of note, the proposed monitoring device is mainly used for slow moving landslides, and monitoring tools for fast-moving landslides are different from those of the other typologies of phenomena.



In the following sections, an iron box is used to simulate the local structure of a soil slope, and a three-stage loading program is designed to simulate a landslide process. Then, the mechanical and AE parameters in the whole process of landslide experiment are obtained synchronously using the proposed flexible device. Furthermore, the change characteristic and relationship of multiple parameters are explored. Finally, an extra landslide experiment with constant velocity is conducted to investigate the precision of quantified deformation by AE.




2. Experimental System and Test Procedure


2.1. Design of Flexible Device for Slope Subsurface Monitoring


The AE essence of an active waveguide is the relative motion between sliding mass and slope bed on the backfill materials. It is necessary to fix the pile in the deep stable bed by boreholes, so as to block the backfill materials and thus the generated AE can continue. Flexible piles are bent when subjected to transverse load while the pile bottom remains static. An anchor cable is a kind of flexible pile. On the one hand, an anchor cable possesses a certain stiffness which can block the movement of the sliding body and stimulate AE of backfill materials. On the other hand, an anchor cable possesses some resilience which allow a greater degree of transverse shear and bending. However, if both ends of the anchor cable are fixed, failure is likely to occur under tension.



A new subsurface monitoring device was designed with reference to the structure of a large-deformation bolt [38,39], changing the material deformation into structural deformation. The main structure is shown in Figure 1 and is detailed as follows. An inner threaded sleeve was added outside the upper part of an anchor cable. The sleeve was embedded in the slope and was fixed on the slope surface. A conical metal head was installed on the top of the anchor cable. When the sliding body moved, the sleeve deviated upward from the anchored end. From another perspective, the anchor cable and its metal head moved flexibly along the axial direction in the sleeve; thus, the anchor cable was not easy to break as a result of tension. The anchor cable may be able to deform axially a large distance determined by the length of the sleeve and this structural characteristic may bring about an increased measurement range for slope deformation monitoring. The diameter of the metal head was slightly larger than the diameter of the thread on the inner wall of the sleeve, and the internal thread would be gradually worn down from top to bottom. The anchor cable fixed on the slope bed hindered the movement of the sliding body, played the role of reinforcing the slope mass and limiting its deformation. Consequently, the device had a potential ability to stabilize the slope. The sleeve was short in length and did not pass through the sliding surface to avoid shear failure. The movable pedestal circled outside the sleeve was located on the ground surface and provided upward support for the sleeve. The ring dynamometer was installed on the pedestal to measure the axial tension within the anchor cable and was fastened with a nut.



The AE portion of the proposed device was described as follows. A rubber tube was placed along the inner wall of the borehole and passed through the sliding surface. The rubber tube was located outside the anchor cable, and sufficient backfill materials were filled into the space between the rubber tube and the anchor cable. The rubber tube can not only isolate the backfill and external geotechnical conditions to reduce the impact of the surrounding environment to AE generation, but also can maintain its resilience when subjected to large deformation. An AE transducer was fixed on the metal head of the anchor cable through the coupling agent. As the slope moved, the deformation of rubber tube would be much larger than that of anchor cable. The difference of internal and external deformation would cause the extrusion, collision and friction of backfill materials, and hence AE was generated. The AE characteristics during this period depended on the interaction between backfill materials and anchor cable, and the dominant frequency was concentrated within 20–30 kHz based on frequency spectrum analysis. As a metal waveguide, the AE signal attenuation along the anchor cable was low, and the AE parameters could be useful to quantify the deformation of the sliding body relative to slope bed.



The designed device integrates the structure of a large-deformation bolt into an active waveguide. Compared to other AE monitoring instruments, a significant improvement of the device is the novel mechanical structure of waveguides instead of conventional metal tubes. Based on this particular structure, the proposed device with excellent resilience can endure large deformations during a landslide to sustainably monitor subsurface deformation. Moreover, AE and mechanical parameters can be collected synchronously using one flexible device and then multiple parameters can be correlated and verified with each other.




2.2. Experimental System and Method


The landslide experiment system consisted of three parts. The first was an experimental platform with a steel structure, the second was a mechanical loading system, and the third was a flexible monitoring device.



As shown in Figure 2a, the size of the container was 1.4 × 0.6 × 0.9 m, and the bottom of the horizontal container was 0.3 m away from the ground. The inclination angle of the experimental platform could be adjusted flexibly within 0–20°. The platform was equipped with a thick steel plate to simulate the sliding surface, and a test box (0.5 × 0.5 × 0.6 m) placed on the steel plate could move forward to simulate the local structure of the soil sliding body. The test box was made of 5 pieces of 6 mm-thick steel plate welded while the top plate could be disassembled. The centre of the test box was a hollow steel cylinder with the diameter of 11 cm, which simulated the borehole used for installing the flexible monitoring device.



The mechanical loading system was mainly composed of a jack and a programmable logic controller (PLC) system. The PLC program was written in advance, and the jack could be controlled to move according to the velocity formula to realize a displacement-controlled shear test [37]. PLC could be used to design corresponding velocity formulas to be loaded in several stages during a landslide model test. The deformation process of a landslide could be reproduced, and the accelerating stage regarding slope failure was focused on.



The flexible monitoring device was described in detail in the section “Design of flexible device for slope subsurface monitoring’, and was mainly composed of an anchor cable, sleeve and AE monitoring system. And the force analysis of the flexible device was shown in Figure 2c. The backfill materials consisted of granite gravel with average size of 6 mm and their properties are displayed in Table 2. The specific installation and operation procedure of the flexible device was as follows. First, the anchor cable was put through the hole in the middle of the iron box, and the bottom of the anchor cable was fixed under the thick steel plate (sliding surface) using the customized fixture. Second, the rubber tube was placed along the inner wall of the borehole and passed through the sliding surface. The part of the rubber tube below the sliding surface was fixed by iron bars. The space between rubber tube and anchor cable was filled with granular materials. Third, the upper part of the anchor cable was surrounded with the sleeve, and the conical metal head was installed on the top of the anchor cable. Fourth, the movable pedestal was circled outside the sleeve, and was put on the surface of the iron box. Then, the ring dynamometer was installed on the pedestal and was fastened with a nut. Finally, the AE transducer was fixed on the conical metal head. The signal wire, coupled with preamplifier, cable and acquisition instrument of an AE system were connected in order. AE data were exported to a dedicated computer and analysed by professional software.





3. Results and Analysis


3.1. Kinematic Parameters


For each landslide experiment, the linear displacement transducer (LDT) was used to measure and record the movement of the sliding body in real time. Based on the displacement data and the corresponding time, the velocity and acceleration values were calculated. Displacement, velocity and acceleration are put together in Figure 3. From the beginning to 70 s, the slope movement is in the initial or uniformly-moving stage. The displacement increases slowly and the velocity is below 0.5 mm/s. The acceleration oscillates near 0 and its amplitude is below 0.5 mm/s2. After 70 s, the displacement curve turns obviously and then rises rapidly. The velocity suddenly increases from a lower level, and reaches the peak value across 4 mm/s at about 80 s. The acceleration fluctuates sharply after 70 s, and changes abruptly at 80 s, reaching the peak value of 1.5 mm/s2. The occurrence time and curve characteristics of acceleration mutation are very obvious, which may be able to identify the critical change of slope stability.




3.2. Mechanical Parameters


The thrust to the sliding body can be measured by the mechanical transducer between the push plate and the iron box, and the pressure on the ring dynamometer is measured to indirectly represent the axial tension within the anchor cable. Figure 4 shows the thrust and the tension curve. Before 70 s, the thrust to sliding body fluctuates between 0–100 N, which is relatively smooth. The axial tension within anchor cable is at a low level, which indicates that the force from the pedestal to the ring dynamometer is not significant in this period. After 70 s, the thrust to sliding body increased rapidly and reached the peak value at around 85 s. The axial tension curve shows a similar pattern to the thrust. A small rise of the axial tension occurs at 70 s, and a large jump occurs at around 85 s. On the whole, the change trend of the two mechanical parameters is relatively synchronous, which preliminarily suggests the rationality and effectiveness of the axial tension measurement using the proposed flexible device. The axial tension within the anchor cable can indirectly reflect the change trend of the thrust to the sliding body, which is of great significance for understanding the stress state of the slope.




3.3. Thrust and Acceleration


Acceleration is the result of thrust effect; it is of importance to explore the relationship between thrust and acceleration data acquired by experiments and clarify their changes with time. For the acceleration and thrust data in Figure 3 and Figure 4 respectively, the adjacent-averaging method is used to smooth the data. Figure 5 shows the smoothed curves. The change trend of thrust and acceleration is consistent; both of them are at a low level and have small fluctuation before 70 s. At about 70 s, thrust and acceleration suddenly change together, and the acceleration rises sharply and reaches the peak value. After 80 s, the thrust continues to rise rapidly while the acceleration decreases, which may be because the movement of the sliding body is significantly hindered by the anchor cable. The anchor cable shows a stabilizing function of reinforcing the sliding body and limiting its deformation. Based on the similar change of thrust and acceleration data collected by two kinds of measuring equipment, the monitoring results of mechanical and kinematic measurement can be mutually verified.




3.4. Sliding Velocity and Ring down Count


Figure 6 shows that the ring down count (RDC) responds to the strain of backfill materials during the experiment. The AE curve can be clearly divided into four stages: normal stage, normal-limit transition stage, limit stage and failure stage, which correspond to the initial constant deformation, constant-accelerating transition deformation, initial accelerating deformation and later accelerating deformation. Before 70 s, the sliding body is in initial constant deformation and the AE is in the normal stage; the velocity and RDC are both at a low level. The change scale of the velocity and RDC is small, and the two curves are relatively stable. At about 70 s, the sliding body changes from constant deformation to accelerating deformation, and AE changes from normal stage to limit stage. The velocity and RDC rise to a small extent synchronously. From 70 s to 80 s, the sliding body is in the initial accelerating deformation, and AE is in the limit state. This stage lasts for a short time, which is a sign of the landslide entering a dangerous state. At about 80 s, the sliding body enters into the later accelerating deformation, and AE goes through the failure stage. The velocity and RDC rise sharply and reach the peak value, and the slope is completely unstable.



The RDC directly responds to the change of sliding velocity; linear fitting is used to obtain a quantitative relationship. The fitting result is shown in Figure 7. RDC correlates strongly with sliding velocity under linear fitting, and R2 reaches 0.887. This means that the velocity of landslide can be derived from RDC, which is of great significance to the deformation monitoring of an on-site slope.




3.5. Sliding Displacement and Cumulative Ring down Count


Figure 8 shows cumulative RDC is in response to the change of sliding displacement. The trend of cumulative RDC and the displacement is very close, 70 s and 80 s are two turning points. Before 70 s, cumulative RDC and displacement increase slowly, and the two curves do not change significantly. From 70 s to 80 s, cumulative RDC and displacement have a short-term rise of small magnitude. After 80 s, cumulative RDC and displacement increase rapidly, and finally reach the peak value.



A second-degree polynomial fitting is adopted for cumulative RDC and the displacement, and the fitting result is shown in Figure 9. The correlation between the displacement and the cumulative RDC is strong, and R2 reaches 0.993.




3.6. Performance of Deformation Quantification by Acoustic Emission


Section 3.4 “Sliding velocity and ring down count” and Section 3.5 “Sliding displacement and cumulative ring down count” confirm that AE measurement can be used to quantify slope deformation. In practical application, a standardized AE monitoring equipment can be used to acquire the sliding displacement. The derived displacement precision from AE measurement was explored by an additional experiment.



In the experiment, the iron box was set to move forward at a constant velocity of 0.2 mm/s and the results are shown in Figure 10a,b. The velocity curve shows a fluctuation state with 0.2 mm/s as its centre line, and the displacement curve shows a linear increase. Before 140 s, the thrust is constant at about 100 N, and RDC is also constant. After 140 s, the thrust suddenly rises since the movement of the iron box is significantly hindered by the anchor cable. The internal stress of backfill materials increases, and the RDC changes from constant state to slight increase. The displacement sensitivity is about 0.02 mm in terms of the experiment by multiplying the velocity (0.2 mm/s) and AE time resolution (0.1 s).





4. Discussion


Deformation is the most obvious and common monitoring parameter in the process of slope failure, which can reflect the disaster mechanism and evolution law of a landslide. The essence of slope instability lies in the broken balance between sliding force and anti-sliding force, and the stress generated in a slope is a parameter closer to the mechanics essence of the landslide [38]. The flexible anchor-like device designed in this study can simultaneously monitor the AE and axial tension. The measured AE parameters can directly quantify the slope deformation [28,29,32,33,37,40] and the axial tension within the anchor cable correlates well with the thrust to the sliding body. Data points in Figure 7 showed a wide variation, which is partially due to the choice of backfill material. Backfill materials could significantly influence the AE rate–landslide velocity relationship. Backfill of large, angular particles generated AE signal with the greatest magnitude and began producing detectable AE the earliest [29]. The position rearrangement of the granite gravel may lead to large pressure build up and sudden particle sliding events, which may cause unevenness in the transmission of the slope movement to the inner AE system. Otherwise, use of a fine-grained sand may produce a more even AE response without great magnitude and early detection. It is preferable to use large, angular particles considering signal attenuation and early warning needs in the field.



In terms of active AE waveguide and a large-deformation bolt, their feasibility for field installation and the reliability for landslide monitoring have been sufficiently investigated and extensively tested, respectively [8,23,24,25,27,28,38,39,41]. The proposed device integrates the structure of a large-deformation bolt into active waveguide. The novel device improved the mechanical structure of waveguides instead of conventional metal tubes. The flexible device with excellent resilience may endure large deformations during a landslide to sustainably monitor subsurface deformation. Furthermore, AE and mechanical parameters can be synchronously collected using one device and synthetically analysed. However, this device has not been applied in the field, and the reliability of the device needs to be validated further. Here is a conceptual anticipation to explain how it will be used in reality. When the flexible monitoring device is applied to the field, Figure 11 shows it is possible change during landslide process. Geological exploration and other means are needed before monitoring to determine the approximate position of a sliding surface in advance, so as to determine monitoring points at representative positions. The initial installation state of the device is shown in Figure 11a. With the deformation and movement of the sliding body, the anchor cable is subjected to the maximum earth pressure and bending moment at the sliding surface, resulting in the largest shear and bending deformation. When the anchor cable is tensioned, the metal head is pulled into the sleeve and moves along the axial direction, and the whole device has a tensile deformation. Due to the special structure of the proposed device, it is not easy to be sheared, stretched or bent even under a large deformation. The proposed device potentially has a larger measurement range and a longer service life, and thus it has strong adaptability and reliability to subsurface deformation monitoring.



The advantages of the proposed composite device lie in the simultaneous collection of AE and mechanical parameters, which can be compared and verified with each other. Then, comprehensive analysis can be carried out to obtain more objective state of the slope and to study the characteristic changes of the feature parameters in the whole landslide process. AE monitoring is very sensitive to the small change of displacement [27,28,29,33], which can detect the weak internal activity of the slope. AE parameters have obvious change characteristics, and have the potential to identify the critical sliding state in advance. Thus, AE technology may realize the early warning of a landslide, and play a significant role in disaster prevention and mitigation [25,28,29,34]. As for the mechanical measurement part, the ring dynamometer measures the axial tension within an anchor cable. According to the mechanical analysis [38], the determined relationship between the axial tension within an anchor cable and the sliding force of slope can be denoted by mathematical formula, and then the sliding force of the landslide can be roughly calculated. According to the increment of sliding force, the warning level can be divided to realize the monitoring and warning based on mechanical parameters.



Due to the limitation of the experimental equipment, the actual deformation of the landslide test does not reach a large deformation (i.e., >500 mm). The model test of the monitoring device has some differences compared to in-site landslide conditions and hence the significance of the experimental results should be further investigated in terms of the practical applicability. In addition, the accuracy and sensitivity of axial tension measurement are not high enough. The maximum velocity in the experiment is more than 4 mm/s which is beyond the velocity scale of catastrophic failure [42], and the effectiveness for an early warning system need to be further demonstrated. Moreover, a different deformation pattern of the rubber tube may occur regarding different depth of the tube buried below the sliding surface, which may lead to different AE behaviour and could affect the interpretation of the AE data for potential slope instability. AE was generated by shear deformation and the need to be recorded continuously in the case of long-term monitoring in order to enable proper information on the displacement magnitude. This operation may place some stress on the data recording and transmission system. However, this problem can be addressed through wake-up technology for an AE recording module triggering by slight subsurface deformation. All in all, there are still some problems to be explored in future research for the general application of the proposed flexible monitoring device.




5. Conclusions


A method of integrated monitoring using AE and mechanical technology is proposed to improve existing subsurface measurement of a soil slope. The flexible monitoring device shows good resilience in face of tensile and bending resistance. The main conclusions are as follows:



(1) The proposed flexible monitoring device can not only monitor AE during a landslide process, but also measures the axial tension within the anchor cable. These two parameters are related to slope deformation and local stress, which can be collected using one flexible device.



(2) The three-stage landslide experiment suggests that the axial tension within the anchor cable and the thrust to the slope change almost synchronously. The correlation is strong between slope deformation and generated AE.



(3) The precision of AE technology used for deformation quantification can be realized at sub-millimetre level. The proposed monitoring device also plays an important role in stabilizing the slope because of the anchor cable.
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Figure 1. Flexible device for slope subsurface monitoring. 1: sleeve with inner wall threaded, 2: anchor cable, 3: conical metal head, 4: rubber tube, 5: backfill materials, 6: acoustic emission transducer, 7: ring dynamometer, 8: pedestal, 9: nut, 10: anchoring end. 
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Figure 2. (a,b) are lateral view and top view photographs of landslide experiment system. (c) is the force analysis diagram of flexible device; F1 represents the thrust applied to the rubber tube, F2 denotes the upward axial tension to the sleeve, F3 represents the lateral resistance of the anchor cable from the anchorage, F4 denotes the downward binding force from the anchorage to the anchor cable. 
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Figure 3. Displacement, velocity and acceleration of sliding body plotted against time. 
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Figure 4. Thrust to sliding body and axial tension within anchor cable plotted against time. Thrust was the force applied to the moving part of the shear box measured with a mechanical transducer. The experiment process was controlled by displacement and thrust showed constant in the first part of the experiment and increased at a certain stage. 
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Figure 5. Thrust and acceleration plotted against time with smoothed data. 
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Figure 6. Sliding velocity and ring down count plotted against time. 
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Figure 7. Linear fitting of sliding velocity and ring down count. 
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Figure 8. Sliding displacement and cumulative ring down count (RDC) plotted against time. 
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Figure 9. Polynomial fitting of sliding displacement and cumulative RDC. 
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Figure 10. Precision analysis of deformation quantification by acoustic emission under the condition of constant velocity of the sliding body. 
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Figure 11. Schematic diagram for the change of flexible device during landslide process. 
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Table 1. Comparison of three subsurface devices for slope monitoring.
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	Range
	Precision
	Cost





	ShapeAccelArray (SAA)
	hundreds of millimetres [23]
	±1.5 mm per 30 m [30]
	very high



	Inclinometer
	<50 mm [23]
	±0.01 mm per 500 mm
	high



	Acoustic emission (AE)
	>400 mm [23]
	0.0001 mm/h to more than 400 mm/h [31]
	low
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Table 2. Properties of backfill material.






Table 2. Properties of backfill material.





	
Description

	
Particle Size

	
Packing




	
Size Range (mm)

	
Coefficient of Uniformity

	
Particle Density (mg·m−3)

	
Dry Density (mg·m−3)

	
Void Ratio




	
Granite gravel

	
4.1–7.4

	
1.81

	
2.67

	
1.63

	
0.72
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