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Abstract

:

The determination of the depth and boundary of the goaf is of great significance for the detection of illegal mining. However, determining the current location of unknown goafs mainly relies on low-efficiency, time-consuming, and labor-intensive physical detection methods such as geomagnetic field changes. Due to their large coverage and high degree of automation, research on remote sensing methods has been conducted to locate mining activities by monitoring surface deformation. This paper proposes a method that relies on the principle of the probability integration method (PIM) and on synthetic aperture radar interferometry (InSAR) to retrieve the location of an underground goaf. First, the relationship between ground subsidence and the location of the mined-out area was established according to PIM; then, the location of the mined-out area was obtained by the surface deformation acquired by InSAR. The proposed method does not rely on complex nonlinear models and has complete parameters; therefore, it has higher engineering application value. A test site in the Fengfeng mining area and 11 Radarsat-2 images were used to verify the proposed method. The experimental results showed that the average relative error of the proposed method is 6.35%, which is 27.56% higher than that of similar algorithms based on complex nonlinear models. Compared to algorithms that ignore the coal seam dip, the accuracy is improved to 98.27%.
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1. Introduction


China is the biggest coal producer in the world [1]. As can be seen in Table 1, among the other countries in the world, only China has a coal mining capacity of one billion tons. While the huge amount of coal mining has brought energy to the people of the country, it has also spawned many cases of illegal mining. Illegal mining activities not only damage the interests of legal miners and of the country, but also threaten the lives of local residents and even the lives of illegal miners, and have laid potential safety hazards for future mining [2]. For example, mining disasters caused by illegal mining occur due to the insufficient technical support. Moreover, illegal mining is not filed with the relevant departments, and, as such, residents’ properties cannot be safely transferred when such mining causes deformation of the ground. Irregular mined-out areas left by illegal mining may cause water penetration, and collapse accidents may happen in adjacent coal seams that are being mined. Additionally, illegal mining activities without corresponding technical support cause a lot of waste of coal resources. Therefore, the prohibition of illegal mining activities is of great significance.



One of the difficulties in prohibiting illegal mining activities is identifying the illegal mining areas. Since illegal mining is concealed and easily subject to human interference, technically, it is very difficult to detect illegal mining activities [3]. To date, the main methods for determining the location of illegal mining include geophysics, human reporting, and placement of cameras. These methods are low in automation, time-consuming, labor-intensive, and inefficient. Due to its large coverage, all-weather work, and high monitoring accuracy, synthetic aperture radar interferometry (InSAR) is widely used to measure deformation across various landscapes, such as glaciers, volcanoes, and earthquakes, as well as urban deformation and surface deformation caused by resource mining [4,5,6,7]. Research has been carried out to locate mining activities according to the deformation acquired by InSAR. This method has the advantages of being efficient, time-saving, and labor-saving, has a high degree of automation, and is not susceptible to human interference. Moreover, the archiving of SAR data makes it possible to detect past illegal mining activities as well. The detection range of SAR data is very large, the largest being dozens of square kilometers, which can realize the regular and comprehensive monitoring of illegal mining. Based on these advantages, Yang established the relationship between the position parameters of a goaf and the surface deformation through the probability integration method (PIM), and then used a mixture of genetic and simulated annealing algorithms to solve the position of said goaf [8]. Du Sen directly solved the location of a goaf according to the characteristics of the PIM [9]. However, the first method relies too much on nonlinear complex models, has low computational efficiency, and is susceptible to interference from model parameters. The second method is fast and effective, but only suitable for horizontal coal seams. Based on the above analysis, this paper proposes an efficient, full-parameter inversion method for goaf detection. This method is based on the PIM to establish the relationship between goaf parameters and surface deformation, and uses InSAR monitoring data to retrieve the position of goafs. While ensuring calculation efficiency and stability, it can detect goafs at any inclination. The 132610 working face in Fengfeng, China was used to verify the reliability and accuracy of this method.



The structure of this paper is as follows: Section 2 details the goaf location retrieval algorithm. Simulation experiments are introduced in Section 3. In Section 4, the test site is described and used to verify the proposed method, and then the results and errors are analyzed. Section 5 discusses some of the open issues of this experiment, and Section 6 provides conclusions of this work.




2. Methodology


2.1. Principle of the PIM


The PIM is based on the theory of discontinuous medium, and obtains the deformation curve of the uppermost layer of the medium by integrating the probability of movement of said discontinuous medium [10]. Specifically, assuming that the medium particles are small balls of the same size and uniform mass and are packed in squares with the same size and uniform arrangement, the length and width are m and n, respectively, as shown in Figure 1a. If the ball in the first layer is removed due to gravity, the probability of the balls in the two adjacent squares on the second layer rolling into the first layer should both be 1/2. By analogy, with each level up, we can obtain the particle movement probability distribution diagram in Figure 1b. If a coordinate system is selected, the histogram probability distribution of any level in the medium can be drawn as a dotted line, as shown in Figure 1c. If the squares and particles are infinitely small, the histogram will approach a smooth curve, as shown by the solid line in Figure 1c. This theory was verified using the sandbox model in Figure 1d.



The expression of the sinking basin caused by unit mining can be obtained by integrating the probability function and performing certain simplifications:


   W e   ( x )  =  1  r z    e  − π   x 2   r  z  2     ,  



(1)




where    W e   ( x )    is the surface subsidence caused by the mining of the unit at x, and   r z   is the main influence radius. In   A =  lim   m → 0   n → 0      m 2   8 n    , m and n are the length and width of the grid in Figure 1a, respectively. The value of A is determined by the nature of the overlying rock.




2.2. Relationship between Subsidence Curve and Horizontal Working Face Position


The formula for the calculation of the surface subsidence caused by semi-infinite mining of the horizontal coal seam described by the PIM is [11]:


  W  ( x )  =   W max  2   erf    π  r  x  + 1  ,  



(2)




where   W ( x )   represents the subsidence value at x,    W m  a x   is the maximum subsidence value, r is the main influence radius, and   erf  ( x )  =  2  π    ∫  0  x   e  −  η 2    d η  . The mining boundary is at   x = 0  . From differential geometry, the curvature is the second derivative of the sinking curve:


  K  ( x )  =    d 2  W  ( x )    d  x 2    /   1 +     d W ( x )   d ( x )    2    3 2   ,  



(3)




where   K ( x )   is the curvature value at position x. In the actual subsidence basin, the surface tilt is only a few percent; therefore,      d W ( x )   d ( x )    2   is so small that it can be ignored. Then, Equation (3) can be simplified to:


  K  ( x )  =    d 2  W  ( x )    d  x 2    = 2 π   W max   r 2    −  x r    e  − π    x r   2    .  



(4)







It can be known from Equation (4) that, when   x < 0  ,   K ( x ) > 0  , the sinking curve   W ( x )   is convex; when   x > 0  ,   K ( x ) < 0  , the sinking curve   W ( x )   is concave. Therefore, the point at   x = 0   is the inflection point of the sinking curve. When the deformation of the overlying rock layers completely conforms to the law of random medium, the inflection point of the subsidence curve coincides with the projection of the coal seam mining boundary on the horizontal plane. However, the actual situation is that the inflection point is located above the coal seam mining boundary slightly toward the inside of the goaf. There are two reasons for this: first, the roof collapsed in the actual project to form a masonry beam structure, resulting in the roof near the boundary of the working face not cutting the coal wall or bending the steps, and causing a suspended roof distance; the second is that the fracture angle affected the position of the inflection point. Therefore, the surface subsidence and curvature curves caused by underground coal mining have the characteristics shown in Figure 2.




2.3. Deformation Propagation Characteristics of an Inclined Coal Seam


Due to the inclination of a coal seam and the overlying rock, the roof overlying rock will bend and sink in the normal direction after the coal seam is mined. The influence of mining does not propagate vertically upward, but instead propagates to the surface along a certain angle  θ , usually   θ <  90 °    [12]. Thus, the inflection point is not located directly above the calculation boundary anymore but is offset downhill. The angle between the line of the offset inflection point and the calculation boundary and the horizontal line in the downhill direction is called the mining influence propagation angle, i.e.,  θ . The sinking basin has obvious asymmetry. At the downhill boundary, due to the greater mining depth, the subsidence effect is large, and the sinking is gentler. At the uphill boundary, due to the lesser mining depth, the expansion of the subsidence impact is small, and the sinking is steeper. Therefore, under the condition of sloping coal seams, the main influence radius of the downhill and uphill directions is different.



Due to the inclination of the coal seam and the overlying rock, after underground mining, the roof overlying rock falls and bends, and basically propagates along the normal direction of the coal seam, as shown in Figure 3. The rock layer moves approximately in the normal direction and has two components: One is the vertical sinking, and the other is the horizontal component along the uphill direction. In addition to the component produced by normal bending and subsidence, the existence of this horizontal component adds an additional horizontal movement in the uphill direction, and its value is approximately    W  y i   cot θ  . Thus, the horizontal movement in the uphill direction is increased, while the horizontal movement in the downhill direction is reduced, and the zero point of the horizontal movement does not coincide with the maximum sinking point.




2.4. Inversion Method of Mining Goafs


According to the analysis of the characteristics of the basin caused by coal mining in the above subsections, a method for inverting the underground mined-out area from the mining subsidence basin can be obtained.



2.4.1. Determination of the Strike Boundary and Average Mining Depth


Generally speaking, the inclination of the mining face along the strike direction is horizontal or nearly horizontal. Therefore, determination of the strike boundary relies on the subsidence law of horizontal mining. It can be seen from Section 2.2 that the position of the strike boundary can be defined according to the inflection point and   D 0  .



The mining depth can be calculated according to the basin boundary and inflection point in the strike direction. In Figure 2,   δ 0   is the boundary angle, that is, the angle between the horizontal line and the line from the basin boundary point to the boundary of the goaf on the side of the mine pillar. D is the distance from the basin boundary to the inflection point. It can be seen that the mining depth,   δ 0  , D, and   D 0   satisfy the trigonometric function relationship:


  tan   δ 0   =  H  D −  D 0    ,  



(5)




where   δ 0   and   D 0   can be found in [13] and D can be obtained from the subsidence basin; thus, the average mining depth H can be requested. Four basin boundaries on two main sections can be obtained by differential InSAR (D-InSAR). According to [9], the boundary behind the excavation direction can be used to obtain ideal results.




2.4.2. Determination of the Inclination


The inclination angle of the coal seam can be obtained according to the goaf width and the mining depth difference in the uphill and downhill directions. According to the principle of the PIM and the introduction in Section 2.1, the relationship between the main influence radius and the mining depth can be described as:


   r z  =   4 A π z   ,  



(6)




where A is a constant,   r z   is the main influence radius, and z is the mining depth. A can be obtained according to the average depth and   δ 0  . It is worth noting that   δ 0   at the mining boundary on the back side of the strike can lead to the minimum error according to [9]. The mining depth in the uphill and downhill directions can then be obtained according to   r 1   and   r 2  . The goaf width can be acquired by the inflection point and the inflection point offset on the dip main section, similar to the calculation method of the goaf length. From the mining width and the mining depth, the inclination angle of the coal seam can be obtained:


  α = arctan     H 2  −  H 1   L   .  



(7)








2.4.3. Determination of the Dip Boundary


Although the goaf width can be obtained by the inflection point, the subsidence basin shifts due to the dip angle. It can be seen from Figure 3 that the propagation angle of the mining influence is the key to determining the dip boundary of the goaf. The propagation angle of the mining influence  θ  is closely related to the inclination of the coal seam. The statistical analysis results of the measured data are as follows [11]:


       θ =  90 °  − k α , α ≤  45 °        θ =  90 °  + k α , α >  45 °       ,  



(8)




where k is a coefficient, which is related to the lithology of the overlying rock. As the lithology of the overlying rock becomes harder, the value of k increases and generally varies between 0.5 and 0.8. It can be seen from Figure 3 that, after obtaining the mining influence propagation angle, the goaf width and mining depth can be used to determine the position of the goaf dip boundary. The process of locating an inclined goaf is shown in Figure 4.






3. Simulation Experiment


In order to verify the proposed method, firstly, FLAC3D software was used to simulate the ground subsidence, and then the proposed method was used to calculate the position of the mined-out area, and compared with the simulated preset parameters. FLAC3D software was developed by ITASCA in the United States. It adopts an explicit Lagrangian algorithm and hybrid discrete partitioning technology, which can accurately simulate the plastic failure of materials, especially for the large nonlinear deformation in this experiment, and its calculation speed and accuracy are higher than that of finite element programs.



3.1. Simulation Experiment


In this model, a total of nine rock layers were built, including coal seams and floors, and an interface was set up between each layer of overlying rock to ensure that the rock layers could slide or separate. All rock formations adopted the Mohr–Coulomb constitutive model [14]. The horizontal size of each model block was 10 × 10 m, which is a compromise between calculation efficiency and accuracy. The maximum unbalanced force was set as 50 N. The location and information of the simulated goaf are shown in Figure 5 and Table 2. In order to evaluate the impact of insufficient mining, the width of the goaf was greater than the length. The thickness of the coal seam was set to 2 m to make the shape of the sinking basin more typical. The ratio of mining depth to coal seam thickness was far greater than 30 to ensure continuous surface deformation without cracks.




3.2. Simulation Results and Analysis


According to the model constructed in Section 3.1, the subsidence basin and the tilt and curvature of the sinking basin can be obtained, as shown in Figure 5 and Figure 6. As it can be seen in Figure 5, due to the inclination of the coal seam, the center of the sinking basin did not overlap the center of the goaf, but instead moved downhill. Meanwhile, it can be seen in Figure 6 that the tilt of the inclined coal seam is asymmetrical. Compared to the downhill direction, the uphill direction changed more drastically. In Figure 6a, the zero value between the tilt peak and the trough is a line instead of a rectangle, indicating that the coal seam was not fully mined. Since the width of the goaf in this simulation was greater than the length, it can be concluded that the coal seam was not fully mined in either the strike or dip directions.



The results obtained according to the proposed method are shown in Table 2. From Table 2, it can be seen that the average error was 4.71%. Since the simulation experiment was not affected by the InSAR monitoring accuracy, it can be considered that the all of the errors in Table 2 are model errors. These errors were below 2%, except for the length of the dip and the mining depth in the uphill direction. The length of the dip was directly calculated from the inflection point and its offset. Since the error of the strike length was small, it can be considered that the reason for the large dip length error is the change of the inflection point caused by the inclination of the coal seam. Meanwhile, the mining depth in the uphill direction was calculated from the main influence radius. Compared to the mining depth in the downhill direction, the error significantly increased. Similarly, the reason for this phenomenon is that the inclination of the coal seam led to changes in the relationship between the main influence radius and the mining depth in the uphill direction.





4. Project Example


4.1. Study Area and Data Sets


Fengfeng Mining Area with affiliated to Handan, Hebei Province, located in the southern part of Hebei Province and the eastern part of Taihang Mountain, at the junction of the Shanxi, Henan, and Hebei provinces. The area covers    36 °   20 ′   –   36 °   34 ′    north (latitude) and    114 °   3 ′   –   114 °   16 ′    east (longitude), with a total area of approximately 560 km   2   [15]. The east of the mining area is a sloping plain, and the west comprises a basin and hills. The lowest elevation is 107 m and the highest elevation is 891 m. The Fengfeng mining area has a warm, temperate, semi-humid, continental monsoon climate. The four seasons are distinct: hot and rainy in summer, cold and dry in winter, concentrated sunlight, a long frost-free period, and rainfall from July to September each year [16,17]. The Fengfeng mining area is a semi-covered area. The strata exposed from west to east are Cambrian, Ordovician, Carboniferous, Permian, Triassic, and Quaternary [18,19]. The inclination angle is between   10 °   and   20 °   [20]. Fengfeng is rich in resources, dominated by natural resources such as mineral resources and construction raw materials. Among them, coal resources are the most abundant. The coal resources total approximately 1.63 billion tons a year, and the annual output of raw coal is 15 million tons. To date, the coking coal mining in the Fengfeng mining area alone is more than 500 million tons, forming a mining district with a population of more than 300,000 [21]. In this experiment, the 132,610 working face was selected as the study goaf. The average coal seam thickness of 132,610 is 5.9 m, the average mining depth is 774 m, and the actual mining thickness of the mine is 4.5 m. Herein, the planned strike length of the coal seam was 1021 m, the strike mining length during the InSAR observation period was 319 m, the dip length was 165 m, the strike inclination angle was   5 °  , and the dip inclination angle was   31 °  . It can be seen in Figure 7 that most of the ground surface is covered by farmland, which has lower SAR coherence than urban areas. The purple dots in Figure 7 indicate the locations of the leveling observations that were used to verify the InSAR results.



In this experiment, 11 scenes of Radarsat-2 ascending orbit images were used to obtain the surface deformation. The image acquisition time was from 15 June 2015 to 5 March 2016. The sensor was right-view imaging, with an HH polarization mode, a range resolution of 2.66 m, an azimuth resolution of 2.90 m, and an incident angle range from   33 .  9 °    to   37 .  1 °   .




4.2. InSAR Processing


After setting the thresholds of spatial baseline and temporal baseline to 1000 m and 1000 days, Delaunay triangulation was used to select the interference pair. Twenty-four interferograms were obtained from 11 SAR images, as shown in Figure 8. It can be seen from Figure 8 that severe incoherence occurred in some interferograms, and the interference fringes almost disappear. The interferograms with severe incoherence were discarded, as shown in Figure 9. Due to the large deformation and poor coherence in this region, after the   3 × 3   multi-looks were completed, the points with coherence greater than 0.45 were retained. The phase standard deviation of the point selected by this threshold was approximately   32 °  . Then, the linear and nonlinear deformations were estimated according to the method in [22,23]. This method can effectively retain the nonlinear part of the deformation, so the surface deformation can be obtained more accurately.




4.3. Results


It can be seen from Figure 10 that the lower coherence threshold ensured the sufficient retention of the points that complete the basin shape. Although lower coherence means larger phase standard deviation, the accuracy of the results was still within an acceptable range. The main manifestation is that the shape of the sinking basin was complete and continuous, with no or few outliers around it. Meanwhile, the time series ground the subsidence gradually increased and shifted to the southeast. The subsidence in the eastern half was relatively slow, while, in the western half, it was more dramatic. Combined with the characteristics of the inclined coal seam in Figure 3, it can be seen that the east direction was the downhill direction, and the west direction was the uphill direction. As can be seen in Figure 11, the sinking curves of each period exhibit the same characteristics and the maximum sinking value reached 350 mm. The location of the maximum sink point shifted southward over time. The subsidence curve in the inclined direction experienced obvious asymmetry of the inclined coal seam because the observed value of InSAR fluctuated greatly, and, therefore, it was not easy to determine the position of the inflection point and the boundary point; thus, a sixth degree polynomial was used to fit the final sinking curve to obtain each characteristic point.



The results of the working face position obtained according to the characteristic points are shown in Table 3 and Figure 12. As the strike direction was obtained using multiple maximum sinking points, the results are more accurate and the relative error is small. Since the mining in the dip direction was insufficient, the inflection point moved toward the center of the goaf, resulting in a larger relative error in the dip length than the strike length. According to [9], the stable back boundary of the mined-out area was used to calculate the average mining depth to avoid the influence of insufficient mining and basin instability and to ensure a small relative error. The more accurate inflection point position in the uphill direction led to a lower relative error of the mining depth with regard to the mining depth in the downhill direction. In Figure 12, it can be seen that the obtained horizontal position of the goaf is close to the real one, while the error of depth is larger. The reason is that the sensitivity of depth calculation was larger than that of the horizontal position. According to Table 3, the average relative error of locating the goaf is 6.35%.





5. Discussion


5.1. Leveling Data Verification


Subsidence data from 42 leveling stations were used to verify the accuracy of the InSAR results. The error of the leveling data was less than 1 mm, and therefore can be regarded as real subsidence. In order to avoid accidental errors, the InSAR results were obtained by inverse distance weighting from the five points closest to the leveling station. The root mean square error (RMSE) was 35.28 mm. The comparison is shown in Figure 13. The InSAR results fluctuated at the edge and center of the sinking basin, but the overall trend remained the same. It can be seen from Figure 11 that most of the fluctuations in the InSAR monitoring results could be removed by polynomial fitting. Therefore, the method in this paper is more dependent on the accuracy of the monitoring of the deformation trend, rather than absolute accuracy.




5.2. The Relationship between Mining Depth in the Dip Direction and the Main Influence Radius


The calculation for the main influence radius of the uphill and downhill directions in the dip direction of the PIM is:


        r 1  =   H 1   tan β          r 2  =   H 2   tan β        .  



(9)







Equation (9) shows that the main influence radius is proportional to the mining depth, while, in Equation (6), the mining depth is proportional to the square of the main influence radius. The difference between the two is that the main influence radius includes the additional horizontal movement and the normal movement caused by the inclination of the coal seam, while the main influence angle is considered as a constant in Equation (9).   r 1   and   r 2   obtained by Equation (9) refer to the theoretical influence radius, and their physical meaning does not represent the basin characteristics, but rather a prediction parameter in the PIM.




5.3. Influence of Insufficient Mining


The parameters of the probability integral method are closely related to the degree of mining. The subsidence coefficient, horizontal movement coefficient, and inflection point offset change with a change in accordance with the degree of mining. The inflection point offset decreases as the degree of mining increases. This means that the more insufficient the mining, the larger the inflection point offset, and the smaller the calculated mining length or width compared to the actual mining size. This is also the reason of the underestimation of dip width. The main influence radius increases as the degree of mining increases, following which the calculated mining depth increases as the main influence radius increases. Therefore, the degree of insufficient mining results in a smaller calculated mining depth. The mining depth in the downhill direction is greater than that in the uphill direction, so the mining degree in the downhill direction is less than that in the uphill direction, which means that the calculated mining depth is more affected by insufficient mining. It can be seen from Table 3 that the error in the calculation of depth in the downhill direction is greater than that in the uphill direction, which proves this point.





6. Conclusions


In this paper, a method for locating illegal mining was proposed based on InSAR technology and the PIM. The method calculates the position and inclination of the goaf through the characteristic points of the subsidence basin. Since remote sensing data are used instead of ground measurement data, this method has the advantages of saving time and labor and a high degree of automation. Compared to [8], the proposed method does not rely on complex nonlinear models or algorithms, and has high computational efficiency while ensuring high reliability. Compared to [9], the algorithm does not ignore the contribution of the coal seam inclination to the shape of the subsidence basin, so the inclination angle can be obtained. Moreover, the tunneling direction of the working face can be obtained from multiple maximum sinking points, which can effectively reduce the errors caused by accidental factors. By adopting the basin boundary with the greatest degree of mining, the error caused by insufficient mining can be avoided.



The proposed method was verified by data from the 132610 working face in the Fengfeng mining area and 11 scenes of Radarsat-2. The experiment proved the accuracy and reliability of this method. The relative error of the method in this paper was 6.35%, which is a decrease of 27.56% and 98.27% compared to [8,9], respectively.



In addition, this article discussed the factors affecting the results and the meaning of the different formulas in the PIM. The analysis showed that, compared to absolute accuracy, the accuracy of the deformation trend has a greater impact on the monitoring accuracy of this method. Although the method in this paper adopts many measures to avoid the influence of insufficient mining on the results, it can only reduce the influence rather than avoiding it. The most affected parameters are the length of the dip and the depth in the uphill and downhill directions.



Although it still is affected by InSAR monitoring accuracy and mining insufficiency, the project example shows that this method has the advantages of a simple principle, high calculation efficiency, and time and labor saving. Therefore, it has certain engineering application value for locating illegal mining.
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Figure 1. Theoretical model of discontinuous medium. (a) random media theory model; (b) probability distribution of particle movement; (c) probabilistic subsidence simulation; (d) sandbox model. 
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Figure 2. Subsidence and curvature curves of a horizontal goaf on the main section. A and B are the boundary points of the sinking basin. E is the inflection point of the subsidence curve.   E 0   is the zero point of the curvature curve. H is the mining depth.   W m   is the maximum sinking point of the subsidence basin.   δ 0   is the boundary angle on the main section.   D 0   is the inflection point offset. D is the projection distance between the boundary point of the sinking basin and the boundary of said goaf on the horizontal plane. 
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Figure 3. The subsidence curve caused by inclined coal mining.   r 1   is the main influence radius in the downhill direction.   r 2   is the main influence radius in the uphill direction.  θ  is the propagation angle of the mining influence.  α  is the inclination angle of the coal seam. 
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Figure 4. Scheme of the inversion of an inclined mined-out area position based on time series surface subsidence and the probability integration method (PIM). InSAR, synthetic aperture radar interferometry. 
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Figure 5. Subsidence basin caused by the simulated goaf and comparison with the calculated goaf position. 
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Figure 6. The tilt (a) and curvature (b) of the simulated basin in the strike direction. The green line at the bottom of (a) and the yellow line at the bottom of (b) are the positions where the tilt and curvature are 0, respectively. 
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Figure 7. Study area. The white quadrilateral in the right picture is the 132,610 working surface, and the purple dots refer to the leveling observations. 
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Figure 8. Interferograms. 






Figure 8. Interferograms.



[image: Remotesensing 12 03884 g008]







[image: Remotesensing 12 03884 g009 550] 





Figure 9. Interference pair and time–space baseline. The blue diamonds represent Singe Look Complex ( SLC ) images, the blue lines represent the interference pairs, the solid line represents the interferogram used to calculate the deformation, and the dotted line represents the interference pair that was discarded due to incoherence. 
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Figure 10. Time series of ground subsidence in the look of sight (LOS) direction. Each small chart represents the cumulative land subsidence from 15 June 2015 to the date above the chart (YYYYMMDD). A positive value means uplift, and a negative value means sinking. 
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Figure 11. Time series sinking and fitting curve in the strike and dip main sections. The observation stations are arranged from north to south in the strike main section, and from east to west in the dip main section. 
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Figure 12. A comparison of the calculated and actual goaf positions. The white rectangle is the calculated position, while the black rectangle is the actual position. H1, H2, L1, and L2 refer to the mining depth in the uphill and downhill directions and the length and width of the actual goaf, respectively. h1, h2, l1, and l2 refer to the mining depth in the uphill and downhill directions and the length and width of the calculated goaf, respectively. 
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Figure 13. Verification of the InSAR results. 
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Table 1. Top ten coal producers (2018).
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	Country
	Coal Extraction (Mt)
	Country
	Coal Extraction (Mt)





	PR China
	3550
	Russia
	420



	India
	771
	South Africa
	259



	USA
	685
	Germany
	169



	Indonesia
	549
	Poland
	122



	Australia
	483
	Kazakhstan
	114
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Table 2. Inversion results and errors of goaf position.
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	Strike Direction
	Length
	Width
	Average Depth
	Depth in Uphill Direction
	Depth in Downhill Direction
	Inclination Angle





	Calculated value
	   178 °   
	305 m
	311 m
	228 m
	209 m
	247 m
	   7 °   



	Real value
	   180 °   
	300 m
	350 m
	225 m
	200 m
	250 m
	   8 °   



	Relative error
	1.11%
	1.67%
	11.14%
	1.33%
	4.50%
	1.20%
	1.23%
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Table 3. Results and errors of the goaf position.
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	Strike Direction
	Length
	Width
	Average Depth
	Depth in Uphill Direction
	Depth in Downhill Direction
	Inclination Angle





	Calculated value
	   163 °   
	342 m
	138 m
	759 m
	761 m
	802 m
	   29 °   



	Real value
	   169 °   
	319 m
	3165 m
	774 m
	733 m
	845 m
	   31 °   



	Relative error
	3.55%
	7.21%
	16.36%
	1.94%
	3.82%
	5.09%
	6.45%
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