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Commensurate with economic globalization, the demand for mineral resources is increasing. With increased mining activity, problems related to ground subsidence and rock movement are becoming increasingly prominent, even affecting mining production activities. However, the physical mechanisms behind the ground subsidence phenomenon have been poorly studied, especially for metal mines with a steep dip. This paper applies the Interferometric Synthetic Aperture Radar (InSAR) technique and the numerical simulation method to deduce the characteristics of rock movement in the Xinli deposit of the steeply inclined Sanshandao gold mine. The InSAR results indicate that more subsidence has occurred in the southern part of the Xinli Village coastline area than in the northern part. This is also supported by the numerical simulation results obtained by the fast Lagrangian analysis of continua in three dimensions (FLAC3D). Notably, the range of ground subsidence obtained by numerical simulation shows an obvious asymmetry. The monitoring data of the No. 55 prospecting profile offer a plausible explanation for this, as the surrounding rock of the fault’s hanging wall has a wider range of rock movements. Furthermore, the sublevels of the No. 55 prospecting profile at different depths show different rock movement characteristics, and a logistic function can be well applied to the right part of the settlement curve; the parameter “a” in the function formula is very close to the maximum subsidence value for each sublevel. We defined the ratio “r” to measure the difference between the maximum subsidence value and the corresponding parameter “a” and found this value to be positively correlated with the fractal dimension value of deeper sublevels (−320 m, −400 m, −480 m, and −600 m) and negatively correlated with the fractal dimension value of lower sublevels (−200 m and −240 m).
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1 INTRODUCTION
The rapid development of the global economy has led to an increase in the demand for ore resources, which has forced the surging exploitation and deeper exploitation of minerals (Wagner, 2019; Li et al., 2020a; Xu et al., 2021). This means that problems caused by mining also arise, such as ground subsidence, water inrush accidents, and rock burst phenomena (Meng et al., 2012; Sepehri et al., 2020; Li et al., 2022). Numerous researchers have investigated rock movement characteristics and failure mechanisms of relatively gentle coal (Cui et al., 2001; Ren et al., 2014; Adhikary and Guo, 2015; Ghabraie et al., 2015; Adhikary et al., 2016; Cheng et al., 2017; Tuncay et al., 2021). Since the 19th century, relevant theoretical research has gradually developed due to the needs of increased mining production activities (Whittaker and Reddish, 1989). Later, mature theoretical methods were gradually applied to study ground subsidence. For instance, the influence function method has been popular since the 1950s and serves as the foundational principle behind Knothe’s theory (Kwinta and Gradka, 2020); and the random medium theory, introduced by the Polish scholar Litviniszyn, is a theoretical study of ground subsidence based on the random walk model (Litwiniszyn, 1954; Jiang et al., 2019). At the end of the 20th century, numerous empirical and theoretical methods were gradually developed. In China, the probability integration model created by Liu and Liao is the most frequently applied prediction method in mining-induced subsidence (Liu and Liao, 1965; Liu and Dai, 2016; Hu et al., 2022). The empirical method mostly combines actual monitoring data with suitable mathematical functions, such as varied profile function methods and typical curve methods (Diez and Alvarez, 2000; Xu and Li, 2005; Chen et al., 2016; Meng et al., 2021). Numerical models also played an important role in studying ground subsidence induced by mining (Xie et al., 1999; Sheorey et al., 2000; Park et al., 2005; Svartsjaern et al., 2016).
Although horizontal coal seams are common in mining production activities, there are also numerous steeply inclined coal seams worldwide; however, the study of steeply inclined coal is far from adequate (Alejano et al., 1999; Dai et al., 2002; Asadi et al., 2005; Tu et al., 2015), let alone steeply dipped metal orebodies (Diez and Alvarez, 2000; Ma and Ding, 2009; Zhao et al., 2013a; Li et al., 2022). Metal mining differs from coal mining in many aspects and cannot be treated the same (Cao, 2019). First, the formation conditions and environment of geological occurrence for metal orebodies are more complex and specialized than those of coal mines (Gastaldo et al., 1993; Bai et al., 2002; Villegas et al., 2011; Jiráseka et al., 2018). Second, the two differ in terms of their associated mining methods and techniques. Longwall mining is particularly prevalent in coalfields (Ren et al., 2014), while the filling mining method is popular in metal mines (Holla and Buizen, 1991; Li et al., 2004; Li et al., 2020b). Regardless, it is important and meaningful to study the ground subsidence and rock movement phenomenon caused by the mining of inclined metal orebodies.
With the rapid development of the Interferometric Synthetic Aperture Radar (InSAR) technique, high-resolution SAR imagery has become beneficial to understanding ground deformation influenced by natural hazards or human activities (Yerro et al., 2014; Valkaniotis et al., 2018; Murgia et al., 2019). For instance, the advanced time-series InSAR technology (the small baseline subset technique and the Persistent Scatterer Interferometry technique) has been well developed in the past few decades (Berardino, Fornaro, Lanari, Sansosti; Ferretti et al., 2001; Aly et al., 2012; Foroughnia et al., 2018), especially in applications related to ground subsidence (Sócrates et al., 2020; Tarighat et al., 2021; Bao et al., 2022). In addition, numerical simulation and theoretical research on rock movements are also important. For instance, the fractal theory has been applied in rock mechanics (Xie and Pariseau, 1993; Shen, 2002; Biancolini et al., 2006). In fact, the fractal phenomenon reflects the self-organized criticality (SOC) characteristic of a complex system (Bak et al., 1987; Qin, 2000); that is, the system tends to reach a new equilibrium after being disturbed.
In this paper, we applied InSAR techniques to monitor the ground subsidence induced by mining a steeply inclined metal orebody. We used FLAC3D software to build a realistic depiction of the Xinli deposit in a Sanshandao gold mine model and simulated the excavation process. The essence of ground subsidence in the mining area is related to the movement of the deep rock mass. We took the No. 55 prospecting profile of the Xinli deposit of the Sanshandao gold mine as the study subject, formulated the subsidence curves by a logistic function, and analyzed the subsidence velocity of each sublevel by the fractal theory. We found that the fractal dimension is related to one parameter in the logistic function formula and is also relevant to the mining activities of each sublevel, especially sublevels characterized by a “funnel”-type subsidence curve. In general, we provide a comprehensive understanding of ground subsidence and rock movement caused by a steeply inclined metal mine after analyzing the monitoring data of the ground and surrounding rock. This may offer a reference for other mines with similar geological conditions. Hereafter, we will focus more on the deformation characteristic of the jointed rock mass to better study the rock movement mechanism of a steeply inclined metal mine.
2 BACKGROUND
2.1 Geological setting
The study area is located in Xinli Village, Laizhou City, Shandong Province. As shown in Figure 1, Xinli Village is remotely situated on the west coast of the Shandong Peninsula, bordering the Bohai Sea. The Xinli deposit of the Sanshandao gold mine is the only coastal metal orebody in China, which has a large dip angle. The study area is situated in the eastern area of the Tan−Lu fault, the northeastern area of the Sanshandao−Cangshang fault zone, and the north limb of the Qixia anticlinorium. The exposed strata in the mining area are the Lugezhuang Formation of the Paleoproterozoic Jingshan Group, found in the Lujia unit of the Qixia super unit (Zhao et al., 2013b). The fault F1 is the ore-controlling fault with an extended depth of about 1000 m, with a strike of 62°, and an average dip angle of 46° in the study area. The altered rocks are zoned along the F1 fault, whose lithology mainly includes different types of granite and cataclasite. The upper surface, corresponding to the main part of the mining area, is comprised of a silt layer and seawater. In Figure 1, the area encircled by the dotted yellow line is the Xinli deposit of the Sanshandao gold mine. According to the available reports, the horizontal tectonic stress in the mining area is significant; the maximum horizontal principal stress lies in a nearly horizontal direction (NNW direction). The maximum horizontal principal stress, the minimum horizontal principal stress, and the vertical principal stress increase with the increasing depth, and they share a nearly linear relationship.
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Here, [image: image], [image: image], [image: image], and H represent the maximum horizontal principal stress, the minimum horizontal principal stress, the vertical stress (MPa), and the depth (m), respectively.
[image: Figure 1]FIGURE 1 | Location of the study area.
The climate in the study area is pleasant, and the tourism industry is well developed. As displayed in Figure 2, the mining facilities of the Xinli mining area are near the sea with hills in the distance. Thus, more attention should be paid to the healthy development of the mining industry in the Xinli mining area.
[image: Figure 2]FIGURE 2 | Overview of the Xinli mining area by the sea.
2.2 Mining setting
It has been nearly 20 years since the Xinli mining area was built in 2005. The mechanical upward horizontal slice stopping−filling method was used in the mining process, and the method of simultaneous upward mining in several sublevels was adopted for the mitigation of rock deformation and higher production efficiency (Liu et al., 2022a). To facilitate survey and design work, prospecting profile lines were designed and aligned almost perpendicular to the orebody. As shown in Figure 1, the orange line represents the location of the No. 55 prospecting profile line. Figure 3 also offers the simplified geological condition of the No. 55 prospecting profile (Liu et al., 2022a). After the excavation, the mined-out volume was immediately filled with backfill slurry paste.
[image: Figure 3]FIGURE 3 | Simplified No. 55 prospecting profile (Liu et al., 2022a).
3 MATERIALS AND METHODS
3.1 InSAR monitoring and numerical simulation
In this paper, we collected 57 SAR images for data processing, which were acquired using Sentinel-1A between 11 April 2018 and 12 July 2021. In addition, we conducted data processing by two time-series InSAR techniques, an SBAS technique, and a PSI technique. Detailed information about SAR images and data processing is available (Liu et al., 2022b). Because the Xinli mining area is mainly located below the sea level, the range of ground subsidence caused by mining is small. To more comprehensively present the characteristics of ground subsidence, we adopted a numerical simulation method. First, we used Rhinoceros and ANSYS software to establish a realistic mining model (Figure 4A); second, we exported the node information and element information of the meshes; finally, we imported the obtained information of the existing real model into FLAC3D software (Figure 4B). According to the rock mechanics test results of the rock mass at different positions in the mine, as conducted by the mining company, we attributed different properties for different groups. The main parameters of the key groups are listed in Table 1. Furthermore, we used FLAC3D software to simulate the excavation and backfilling of the orebody.
[image: Figure 4]FIGURE 4 | Constructed realistic mining models. (A) Modeling process step 1 and step 2; (B) Modeling process step 3.
TABLE 1 | Main parameters of the hanging wall, footwall, and orebody.
[image: Table 1]3.2 Displacement monitoring of the roadway
Ground subsidence is usually the external manifestation of the movement, deformation, and failure of the deep rock mass; namely, the deformation of the rock mass is an essential cause of ground subsidence. Thus, it is significant and necessary to study the rock movement phenomenon. In the Xinli mining area, the subsidence monitoring system has been established in several sublevels of the No. 55 prospecting profile (−200 m, −240 m, −320 m, −400 m, −480 m, and −600 m) since August 2015. The fourth-level leveling method was adopted, and the time interval for the monitoring work is usually 1 or 2 months. The monitoring network system of the No. 55 prospecting profile is shown in Figure 5 (Liu et al., 2022a). In this paper, we collected monitoring data from August 2015 to November 2021 with a monitoring interval of 1 to 2 months. Notably, there were two special situations: the workers ended the monitoring work of the −200 m sublevel earlier in April 2019 due to some unexplainable reasons, and the −600 m sublevel was more recently excavated, delaying the start time of the monitoring work there.
[image: Figure 5]FIGURE 5 | Monitoring network system of the No. 55 prospecting profile of the Xinli mining area (Liu et al., 2022a).
4 RESULTS
4.1 The spatial characteristics of line-of-sight (LOS) displacement fields of Xinli Village
As shown in Figures 6, 7, we obtained the LOS displacement fields for Xinli Village using SBAS and PSI techniques. The two monitoring results of the cumulative LOS displacement indicate values of more than 3 cm during the monitoring period. The flat area to the west of Xinli Village has a large subsidence value, while the ground subsidence phenomenon of other areas of Xinli Village is not obvious. Notably, there is a very obvious phenomenon within the monitoring results: the image obtained by the PSI technique is missing a portion of the domain. This is related to the inherent property of the PSI technique, that is, areas with dense vegetation have fewer permanent scatterers. Additionally, due to atmospheric influences, the propagation path of the radar beam will be delayed in the process of passing through the atmosphere, which is the so-called atmospheric effect (Massonnet et al., 1994). The atmospheric effect is especially pronounced in coastal areas. Although we applied the Generic Atmospheric Correction Online Service (GACOS) data processed by the Toolbox for Reducing Atmospheric Phase Screen Estimation (TRAIN) to eliminate atmospheric errors during data processing (Yu et al., 2017; Yu et al., 2018a; Yu et al., 2018b), the outcome is imperfect. However, the results provide some meaningful subsidence data and the overall ground subsidence pattern of Xinli Village.
[image: Figure 6]FIGURE 6 | Spatial characteristics of the LOS displacement field (SBAS result).
[image: Figure 7]FIGURE 7 | Spatial characteristics of the LOS displacement field (PSI result).
To obtain the cumulative LOS displacement of Xinli Village over time, we isolated zones (represented by the letters “a” and “b” in Figures 6, 7) for analysis. As shown in Figure 8, the values of the cumulative LOS displacements of zone “a” at different time periods are nearly equal (3 cm). Both results show stochastic fluctuations of the ground subsidence (Hui et al., 2019). Namely, the subsidence value does not continually increase in the subsidence area, and the subsidence events and uplift events can occur at any time in the ground subsidence area. The curves were linearly fitted, allowing us to obtain the corresponding formulas, as given in Figure 8. The LOS velocities are −0.0263 mm/day and −0.025 mm/day for PSI and SBAS methods, respectively. The linear fitting effect is satisfactory, and the corresponding “R2” values are 0.95 (PSI) and 0.91 (SBAS). After calculation and comparison, we found that the LOS subsidence velocity of zone “a” is nearly 9 mm/year. In a similar manner, we obtained the cumulative LOS displacement of zone “b”, with a SBAS-derived LOS subsidence velocity of 0.0306 mm/day, which translates to a subsidence velocity that is nearly 11.2 mm/year (Figure 9). Apparently, zone “b” has a bigger LOS subsidence velocity.
[image: Figure 8]FIGURE 8 | Cumulative LOS displacement of zone “a” (PSI and SBAS results).
[image: Figure 9]FIGURE 9 | Cumulative LOS displacement of zone “b” (SBAS result).
4.2 The simulated result of vertical displacement
We conducted the excavation and backfilling on the existing FLAC3D numerical model. According to the actual production plan of the Xinli deposit of the Sanshandao gold mine, the general direction of mining is from the northeast to the southwest (that is, along the orebody), from shallow to deep. Thus, we first excavated the upper northeast orebody, then the lower northeast orebody and the upper southwest orebody, and finally, the lower southwest orebody. In this way, we obtained the vertical displacement result of the study area and the vertical displacement of the No. 55 profile (Figure 10). We obtained an oval-shaped basin of subsidence, with the long axis of the ellipse aligned with the strike of the orebody. The subsidence isolines are the densest on the side nearest to the orebody and sparse on the side near the coast. In addition, a long and narrow uplift zone existed in the mining area. In the study area, the cumulative maximum ground subsidence value is about 0.42 m, and the cumulative maximum ground uplift value is about 0.066 m. Additionally, we projected the numerical simulation contour plot onto the map and concluded that zone “b” has a larger subsidence value than zone “a”, which is due to the special shape of the subsidence basin (Figure 11).
[image: Figure 10]FIGURE 10 | Vertical displacement result of the study area.
[image: Figure 11]FIGURE 11 | Result of superimposing the subsidence contour plot onto the map.
4.3 The cumulative subsidence of various sublevels
We plotted the cumulative subsidence of various sublevels of the No. 55 prospecting profile in Figure 12. The ordinate represents the cumulative subsidence value, and the abscissa represents the horizontal distance for each monitoring point of each sublevel from the starting point of the −240 m sublevel. According to the shapes of the cumulative subsidence curves, we divided them into two categories: the “pan” type (−200 m and −240 m) and the “funnel” type (−320 m, −400 m, −480 m, and −600 m) (Liu et al., 2022a). In addition, we counted the monitoring data of each sublevel of the No. 55 prospecting profile for many years. We obtained subsidence velocity values of 254 (−200 m), 204 (−240 m), 221 (−320 m), 287 (−400 m), 132 (−480 m), and 133 (−600 m), all of which were less than 3 cm/month. We used the fractal theory to analyze the monitoring data, and the function model is expressed as N(r) = C r−D. In this equation, “r” represents a characteristic scale, “C” represents the proportionality factor, “D” represents the fractal dimension, and “N(r)” represents the number of scales greater than “r.” Finally, we obtained “N(r)” values for each sublevel (Figure 13, tables). We projected the results onto a logarithmic coordinate graph and fitted them by the least square method specific to a log−log plot. In fact, the absolute value of the slope of the line is the fractal dimension “D.” Figure 13 displays the linear fitting formula of each sublevel and the determination coefficient “R2.”
[image: Figure 12]FIGURE 12 | Cumulative subsidence of various sublevels of the No. 55 prospecting profile.
[image: Figure 13]FIGURE 13 | Fractal dimensions of various sublevels of the No. 55 prospecting profile.
5 DISCUSSION
5.1 The characteristics of cumulative subsidence curves
As mentioned previously, we divided the cumulative subsidence curves into two categories: the “pan” type (−200 m and −240 m) and the “funnel” type (−320 m, −400 m, −480 m, and −600 m). Apparently, “pan”-type subsidence curves of the upper sublevels have more numerous large cumulative subsidence values; that is, the bottom of the curves are wider and softer. We infer that this phenomenon is related to the amount of the excavated orebody. From 2016 to 2021, the mining activities are mainly conducted in deep sublevels of the No. 55 prospecting profile, whereas there is little mining activity conducted in the upper sublevels of the No. 55 prospecting profile. It is well known that as a body moves under a force, it acquires inertia and that gravity is the root cause of subsidence. In other words, the upper rock mass will be affected by the mining activities in the lower rock mass, just as underground mining causing the upper ground surface to subside. This is illustrated in the simplified diagram in Figure 14, where “(1)” is the upper subsidence curve (we assume its presence) and “(2)” is the newly formed subsidence curve. We also assumed that the newly formed subsidence curve will transfer a certain degree of subsidence to the upper subsidence curve. The green line represents the sum of the subsidence values of the original “(1)” curve and the corresponding lower subsidence value of the “(2)” curve multiplied by the coefficient (0.2). The other cases remain the same. According to the superimposed results in three cases, we found that the slope of the curve becomes smaller in the light blue area. In general, the scope of subsidence of the “(1)” curve becomes greater than that in the original situation. Since the subsidence curves of the upper sublevels are affected by the lower mining activities, the numerical simulation result is deemed reasonable.
[image: Figure 14]FIGURE 14 | Simplified diagram of the cause of the subsidence curve of the upper sublevels.
5.2 The logistic fit of cumulative subsidence
As shown in Figure 12, the cumulative subsidence value will drop abruptly at a certain stage and then change steadily. Combined with Figure 5, the right part of the cumulative subsidence curves, which change steadily, mainly reflects the cumulative subsidence of the fault’s hanging wall rock mass. According to the previous content, this part of the curve is S-shaped. To further study the characteristics of the curves, we used the profile function method [66] to fit the curves. We applied a logistic function and the simplex method, both of which are the built-in functions in Origin software, to fit the subsidence values of this part, and obtained good fitting results, as evidenced by a determination coefficient (R2) mostly in the range of 0.95–1. The curve-fitting formula is shown as follows:
[image: image]
Figure 15 shows the fitting results and the relevant parameters in the formula. We found that parameter “a” is close to the value of the maximum subsidence. We defined a ratio “r” to measure the difference (“δ”) between the maximum subsidence value and the corresponding parameter “a.” Here, “r” is equal to the difference (“δ”) divided by the maximum subsidence value. Interestingly, there was a negative correlation between the value of “r” and fractal dimensions “D” of each sublevel for the “pan”-type curves (−200 m and −240 m); in contrast, these parameters are positively correlated for “funnel”-type curves. The relevant parameters are listed in Table 2. As for the deep sublevels of the No. 55 prospecting profile (−480 m and −600 m), “a” is approximately equal to the maximum subsidence value. This implies that we only need information on the maximum subsidence value and the three other values to obtain the right part of the subsidence curve of the entire sublevel. In addition, the “−480 m” sublevel had the highest total amount of rock excavated compared with other deep sublevels. For example, the amount of rock excavated from the “−400 m” sublevel, “−480 m” sublevel, and “−600 m” sublevel accounts for 0.23, 0.47, and 0.3 of the total amount of rock excavated from all three sublevels, respectively. The deep part of the mine has been exploited much more than the shallow part, which has hardly been exploited in recent years. Therefore, we believe mining activities are the root reason for rock movement. In fact, the fractal phenomenon reflects the self-organized criticality (SOC) characteristic of a complex mining system. In other words, while the equilibrium state of the underground rock mass is disturbed by mining activities, the rock mass itself will still tend to develop toward a stable equilibrium critical state. We found a common characteristic among those sublevels which have a “funnel”-type subsidence curve; that is, the more severely disturbed the rock mass is, the smaller the fractal value is. As for sublevels with a “pan”-type subsidence curve, the small fractal dimension values are due to the influence of the lower sublevels. Thus, we believe that the logistic function can be used to fit subsidence curves, and the fractal dimension value reflects the degree to which the excavated sublevel is disturbed.
[image: Figure 15]FIGURE 15 | Logistic fitting results and relevant parameters in the formula.
TABLE 2 | Relevant parameters.
[image: Table 2]6 CONCLUSION
As a coastal, steeply inclined gold mine, the rock movement caused by mining in the Xinli deposit of the Sanshandao gold mine is of great research value as seawater may flood into the roadway along the damaged rock mass, and the movement and deformation of the surrounding rock may threaten the safety of workers and damage surface buildings. In this paper, we conducted a preliminary analysis of the mining-induced rock movement characteristics in the Xinli deposit of the Sanshandao gold mine; the key conclusions are presented in the following paragraphs
First, the InSAR results indicated that the southern part of the coastline within the Xinli Village area is experiencing greater subsidence than the northern part.
Second, the numerical simulation results obtained using FLAC3D are consistent with the InSAR results. In addition, the range of ground subsidence obtained by numerical simulation shows an obvious asymmetry. Specifically, the subsidence value on the southeast side of the subsidence basin changes more gently.
Third, the monitoring data of the No. 55 prospecting profile can provide a plausible explanation for the subsidence results: the slope of the right part of the maximum subsidence point of the subsidence curve is smaller than that on the left part; namely, the surrounding rock of the fault’s hanging wall has a wider range of rock movements. Furthermore, although the sublevels of the No. 55 prospecting profile at different depths have different rock movement characteristics, the upper sublevels (−200 m and −240 m) of the No. 55 prospecting profile tend to show “pan”-type curves, while the lower sublevels (−320 m, −400 m, −480 m, and −600 m) tend to show “funnel”-type curves.
Finally, a logistic function can well fit the right part of the subsidence curve, and the value of parameter “a” in its function formula is very close to the maximum subsidence value of each sublevel, especially the newly excavated sublevels. We found that the value of “r” is positively correlated with the fractal dimension value in deeper sublevels (−320 m, −400 m, −480 m, and −600 m) and is negatively correlated with the fractal dimension value in more shallow sublevels (−240 m and −200 m), and the fractal dimension value reflects the degree of disturbance of the excavated sublevel.
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