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Goaf ground collapse has great constraints on people’s lives, property safety, and social development within the influence scope because of its concealment and suddenly happening characteristics. The high-density resistivity method is used to explore the goaf of a quarry in Xiangtan City, Hunan Province. The surface subsidence of the goaf is analyzed using the apparent resistivity inversion section diagram and the comprehensive analysis results. The filling water or sediment in the goaf is reflected as a low-resistivity abnormal body, with a resistivity change that is significantly different from the resistivity change of the surrounding bedrock and the contour fluctuation. The morphological characteristics and geological conditions of the underground abnormal body in the goaf are deduced. Based on the geophysical prospecting method, geological disasters such as goaf ground collapse can be explored. From the combined analysis and processing of inversion data, the geological structure and stratum information of goaf can be inferred, which provides a theoretical basis for further disaster prevention.
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INTRODUCTION
Karst ground collapse is the collapse of bedrock and overlying soils and the formation of collapse pits in the ground in areas where carbonate rocks are found, due to sufficient natural hydrological interaction and human factors (Wang and He, 2006). One of the main causes of geological hazards is the formation of subsurface cavities—underground cavities formed by human-induced destruction of ore layers on the bedrock surface (Shen et al., 2001; Zhang et al., 2015; Gong and Li, 2018). With the development of economic construction, China has become a major source of geological disasters; most of the damages caused by mining and karst collapse in China have become increasingly serious, with over 778 karst collapses and more than 30,000 collapse pits in 23 provinces, mainly in Hunan, Yunnan, Guizhou, Jiangxi, and Sichuan (Xie et al., 2021). Karst collapse is characterized by suddenness in time and concealment in space and is usually accompanied by secondary disasters such as foundation instability and building tilting and fracturing, causing significant economic losses and seriously endangering people’s lives and property. Hence, preventing and reducing the occurrence of karst collapse disasters, and therefore the occurrence of mining collapse disasters, have become a matter of close concern (Luo and Cheng, 2016; Li et al., 2017; Yan et al., 2021). The study area is located on the southwest border of Xiangtan City, which is a typical area with frequent occurrence of karst and ground collapse disasters. The mining area is rich in mineral resources such as mineral water, limestone, and gypsum, and has three basic conditions: soluble carbonate rocks, mainly chert; water with dissolution capacity; and good water circulation (Li et al., 2014; Jia et al., 2021). The ground collapse disaster site is located in the eastern part of the quarry. Due to the large scale and high frequency of mining activities prior to the collapse, there is a certain range of underground quarry area. Ground collapse disaster causes a certain degree of damage to the local ecological environment, and its potential danger has a serious impact on the safety of people’s property and economic development in the area. Therefore, it is crucial to investigate the underground space situation and analyze the potential hazards (Zeng and Zheng, 2007; Lei et al., 2009). At present, geophysical exploration is the main method to detect the geological situation of the underground mining area and karst ground collapse. Seismic exploration is based on seismic wave exploration of the stratigraphic structure, using refraction and reflection wave characteristics to determine the existence of collapse, while the geological radar method uses electromagnetic wave propagation in the stratigraphic medium. If there is an unknown geological body or anomaly, the electromagnetic wave will produce reflection and refraction, and the phase, amplitude, and frequency will change. These methods have the advantages of high efficiency, low cost, use of lighter instruments and tools, and more accurate interpretation of results (Zheng et al., 2017; Huang et al., 2019). Compared with other physical exploration methods such as the traditional resistivity method, the high-density resistivity method is used to identify geological formations and subsurface anomalies by comparing the differences in resistivity between rocks and soils through observation and analysis. The method has the advantages of fast data collection, high efficiency, rich information, and convenient interpretation, all of which can significantly improve the exploration capability (Wang et al., 2011; Jin and Liu, 2014; Li et al., 2019). In this study, the high-density resistivity method is used to conduct a rapid and effective hazard analysis of a mining area in the lower part of a township in Xiangtan City, Hunan Province, to detect and invert the geology of its subsurface space and provide a theoretical basis for further comprehensive disaster prevention and control.
OVERVIEW OF THE GOAF
Geology
The mining area is located in a town in Xiangtan City, Hunan Province, which is mainly a hilly mountainous landscape and belongs to the Xianggan hilly area in South China, with concentrated rainfall; small differences in the spatial distribution of light, temperature, and water; more disastrous weather; and obvious continental climatic characteristics. According to the site investigation and regional information, the stratigraphy of the disaster area is divided from top to bottom into the Quaternary Holocene strata, Cretaceous red strata, and Middle Devonian Qiziqiao Group limestone, among which the Cretaceous and Devonian strata are in unconformity and have the basic conditions for karst collapse. The geological structure can be divided into a fault-fold structural zone, a basin structural zone, and a neotectonic movement zone.
Geological hazards
The ground collapse disaster site directly threatens the safety of four surrounding houses and affects the surrounding environment such as ponds and roads. The resulting collapse pit is water-filled and the inside of the pit has an irregular round shape, approximately 35 m in diameter and 20.5 m in depth. The ground collapse disaster is accompanied by secondary hazards such as sliding slopes, depleted water levels in surrounding wells, and fallen trees, and the site remains in an unstable state (Figure 1).
[image: Figure 1]FIGURE 1 | Panorama of disaster scope and affected houses.
The collapse occurred with secondary disasters such as house breakage. At present, the foundation and wall at the upper right corner of house No. 3 have collapsed, and the collapse pit has a clear tendency to increase in size. Tensile cracks are found at the entrance of the garage of house No. 3 with the occurrence of the collapse (Figure 2), and the whole house is tilted toward the collapse pit (Figure 3). House No. 1 is only 7.5 m away from the collapse pit and house No. 3 is 15 m away from house No. 1, and there are obvious tension cracks on the right side of the front lawn and new cracks in the house. Houses No. 2 and No. 4 are not obviously affected by the collapse, and no new cracks have been seen in the surrounding ground and houses for the time being. In recent years, small cracks have appeared in the house, but no obvious intensification of the phenomenon has occurred. The recent collapse is in a less stable state, and the loose soil above the slope collapses at times.
[image: Figure 2]FIGURE 2 | Tensile cracks in the garage of house No. 3.
[image: Figure 3]FIGURE 3 | Tensile cracks in house No. 3.
EXPLORATION METHOD IN THE GOAF
Principle of the high-density resistivity method
The high-density resistivity method is based on the difference in the electrical conductivity of rocks. The traditional resistivity method can realize mineral resources exploration or be used to resolve other related geological problems by observing and studying the distribution law of the artificially established stable current field in the medium. The high-density resistivity method differs from the traditional resistivity method in that the high-density resistivity method requires a large number of high-density measurement points to be set up during installation and observation. In the field, all the electrodes should be placed at once on the measurement points at certain intervals according to the required arrangement before starting the instrument for observation. After processing and analyzing the reflected apparent resistivity profile, the information on stratigraphic distribution can be obtained, which in turn can be used to delineate strata, circle anomalous areas, and determine the location of hazards (Di QingyunShi et al., 2001; Lv et al., 2005; Ge et al., 2008). The high-density resistivity method uses large-scale integrated circuits in a computer system, and automatic control theory is applied to establish the operation and processing system. Since this operating system can control a large number of electrodes at the same time and can control the connection of different electrodes for free combination, it can save a lot of time, improve the efficiency of observation, collect more information about the underground electric field, and be more intelligent (Figure 4) (Yang et al., 2012; Zhu and Wang, 2012; Han, 2020).
[image: Figure 4]FIGURE 4 | Working block diagram of the high-density resistivity method.
At present, the main ways to carry out high-density resistivity measurements include α, β, and γ arrangements; all three arrangements evolved from symmetric quadruple, monopole–monopole, etc. The β and γ arrangements are measured point by point when the electrode distance is the same, then double the electrode distance, and so on; the different points are mainly the difference between A and B positions. The α arrangement is commonly used at present, based on the basic arrangement of symmetric quadruple, setting the control electrode at the same distance from the measuring electrode, AM = MN = NB, to achieve the measurement of the proposed section of the underground space (Figure 5) (Dong and Wang, 2003).
[image: Figure 5]FIGURE 5 | α-Array signal diagram of the high-density resistivity method. A, B, supply electrode; M, N, measurement electrode; a, electrode distance; n, measurement factor.
According to the regional geological overview and the list of rock electrical parameters (Table 1), the strata within the working area of the high-density electrical method in the goaf mainly include the Quaternary Holocene till and silty sand with low resistivity, the common value of which is 30 Ω m. The local water content is relatively small, which may present local high-resistance characteristics and uneven bodies of mass; the resistivity values of bedrocks such as silty mudstone, Devonian limestone, and dolomitic limestone vary considerably. The common resistivity value of argillaceous limestone is 400 Ω m, while the resistivity of the limestone is 1500–1800 Ω m, and its resistivity contours fluctuate widely. The resistivity is used as the basis for the collection and evaluation of parameters of the high-density electrical method and is based on the electrical differences between the goaf and the surrounding rocks. When there is an underground extraction area, the air or water filling generally appears as local high resistance or local low resistance, but when there are hidden karst and fissure development caused by tectonics such as faults and folds, the development zone is filled with water or sediment and other filling materials, and the area usually shows medium resistance or low resistance compared to the surrounding rocks, and the anomalies are often characterized by a resistivity of only a few hundred Ω·m.
TABLE 1 | List of rock electrical parameters.
[image: Table 1]Field work methods
According to the geological conditions and geophysical characteristics of the area, a total of 10 survey lines were laid in the goaf and its impact area, of which seven were in the north–south direction, named as L1, L2, L3, L4, L5, L6, and L7 from east to west, and three in the east–west direction, named as L8, L9, and L10 from north to south. The length of the measured profiles in the north–south direction was 600 m, and the length of the east–west profiles L9 and L10 was 900 m and that of L8 was 600 m. Survey line L1 was laid on the eastern periphery of house No. 2 in the goaf, with the profile direction near the north–south, to control the peripheral area affected by the collapse; survey line L2 is roughly parallel to the L1 line, laid on the eastern side of the collapse pit and passing through houses No. 1, 2, and 3, to control the investigation of the dangerous house disaster area; survey line L3 is roughly parallel to L1 and L2, laid on the west side of the collapse pit, located on the east side of house No. 4. Survey line L4 is basically parallel to L3 and is located on the west side of house No. 4; survey line L5 is basically parallel to L4 and is located on the west side of the quarry, about 100 m away from L4; survey line L6 is located on the east side of the pond; and survey line L7 is located on the west side of L6, in order to identify the karst collapse channels on the east and west sides of the pond. The east–west survey lines L8, L9, and L10 cross the area: measuring line L8 is placed to the north of the road to detect the karst development area existing in the shallow part of the collapse periphery, and measuring lines L9 and L10 pass through the dangerous house area, quarry, and pond to identify the underground anomaly information in the affected area. The main purpose of the three survey lines is to verify the stratigraphic information of the goaf and karst ground collapse area inferred from the north–south survey lines and to improve the detection accuracy. The 10 survey lines cover the quarrying area and its impact area, and can be used to effectively detect the geological conditions and resistivity anomalies, and therefore infer the ground collapse anomalies caused by quarrying and karst through the inverse map of the physical survey profile, providing a theoretical basis for further verification and disaster prevention and control (Figure 6).
[image: Figure 6]FIGURE 6 | Goaf survey line layout and geological survey map. 1, Quaternary Holocene; 2, Middle Devonian; 3, road; 4, line position and number for the high-density resistivity method; 5, house; 6, collapsed pit; 7, quarry; 8, pond; 9, inferred scope of goaf; 10, inferred scope of karst.
The WDJD-3 multi-functional digital DC exciter and WDZJ-3 multiplex electrode converter were selected as the main control machine for this high-density resistivity method exploration. An electrode distance of 5 m was selected for the high-density resistivity method, 60 electrodes were arranged as one arrangement, one section was rolled 58 times, and the number of profiles was 19 layers in total. The location of the measurement points was determined by a hand-held GPS device, supplemented by compass orientation and measuring distance with a leather tape. The electrodes were arranged in an α arrangement (Winner device AMNB). In the survey process, first of all, AM = NB = MN was set as one electrode spacing; A, M, N, and B were moved from one end of the survey line to the other end one point at a time; and the first profile was measured in turn. Second, AM, MN, and NB were increased to two electrode spacing and were moved from one end of the survey line to the other end one point at a time. Subsequently, the electrode distance was measured in an increasing order to finally form an inverted trapezoidal section.
Data processing
High-density electrochemical data processing consists of two parts: the first consists of data pre-processing, pre-editing the apparent resistivity values, eliminating distorted data such as abrupt points or noise from the resistivity profiles, and then stitching multiple measurement sections into a complete and uniform profile. For profiles with significant differences in data and large topographic relief, subsequent inversion processing is required to analyze their characteristics (Gao et al., 2015; Fu et al., 2019). By converting the actual field survey data into a depth–resistivity relationship, the resistivity profile characteristics of the strata are obtained, and the influence of anomalous interference on the interpretation of the electro-magnetic data is eliminated to the maximum extent possible to ensure clarity and reliability of the inversion interpretation (Xiao et al., 2008; He, 2016). Second, the inversion calculation analysis is carried out, and the initial two-dimensional geoelectric model is established by the least squares method based on the denoised subsurface spatial information data, which are converted into a depth–apparent resistivity relationship to obtain a physical inversion cross-sectional map showing the characteristic changes in apparent resistivity at the mining area and ground collapse site (Guo et al., 2004; Luo et al., 2020).
ANOMALOUS FEATURES AND EXPLANATIONS
High-density resistivity method anomaly characteristics
From the basic geological data of the goaf, combined with the analysis of the geophysical inversion section map, it is inferred that the surface layer from the top to bottom is Quaternary clay and cultivated soil layer, which is about 1–8 m thick, and the contour change is not uniform due to the influence of surface hydrological conditions and human activities, and the overall low resistance form. The relative resistivity of the underlying bedrock layer is larger, and with the increase in the detection depth, the overall resistivity trend increases, and the contour change is more uniform. In the area of ground collapse caused by mining and karst, the low resistivity resistance is mainly due to water or sediment filling, and the contour changes are obvious and appear as low-resistance clumps; in the area of fractures or fissures, the originally uniform resistivity appears to be broken, and the contour lines extend in a certain direction.
Interpretation of data inferred from anomalous areas
The high-density resistivity method of physical prospecting is used to lay three lines of measurement in the east–west and seven lines of measurement in the north–south vertical direction in the goaf, covering the mining void and karst ground collapse and their impact areas, to detect and analyze the distribution of strata and the size of cavities, and to infer the morphological characteristics and location of underground anomalies. Based on the resistivity changes in the inversion map of the geophysical prospecting, the overall low-resistance anomaly and the area where the contour lines are closed into clumps are inferred to be a mining hole or a karst collapse: line L1 detects a strip of low resistance underneath the area between measurement points 200 and 290, which is laterally sloping to the north and extends for nearly 70 m, inferred to be caused by the development of fissures in the mining hole and karst, filled with low-resistance water or sediment, with uneven contour distribution. The range of anomalies is extremely large, which is a more serious area of potential ground collapse disaster (Figure 7A); measurement line L2 detects a large-scale anomalous pit-like collapse that is elliptical in shape between measurement points 250 and 330, with a depth of about 30 m from the surface, which is inferred to be a continuous anomalous zone belonging to line L1 and located in the influence area of anomalous collapse in the goaf (Figure 7B); and measurement line L3, with measurement point 300 as the center of the station, detects an anomalous pit-like collapse near the station. The anomalous zone in the south is located at measurement points 70–150, at an altitude of 110–130 m, while the anomalous zone in the middle is located at measurement points 200–270, at an altitude of 95–110 m, and is a zone prone to mining collapse (Figure 7C). The anomalous pattern revealed by measurement line L4 is obviously different, at measurement points 30–110 in the south, at an altitude of 90–120 m, and is inferred to be caused by the filling of low-resistance sediment in the goaf, while the anomalous zone between measurement points 230 and 290, which extends to the bottom in depth, is inferred to be a mining area anomaly with a resistivity of about 100 Ω m, where ground collapse disaster has not occurred yet, and the high-resistance bodies on either side of it are presumed to be the safety pillars, which refer to the part of the ore body that is not mined to protect the safety of the surrounding environment (Figure 7D). Measurement line L5 infers that the anomalous zone between measurement points 30 and 140 and at an elevation of 80–110 m is continuous with L4 and L3, while the anomalous zone between measurement points 280 and 330 extending to the bottom is presumed to be an anomalous area of collapse formed under the joint influence of mining and karst, and the high-resistance areas to the south and north of it are presumed to be the safety pillars (Figure 7E). The karst development zone revealed by the southern measurement point of measurement line L6 is distributed between measurement points 70 and 90 and at an elevation of 80–1,120 m. Another anomaly exists between measurement points 250 and 320, and at measurement point 300 in the center of the line, there is an extension of the contour to the southeast, with an obvious discontinuity with the surrounding bedrock resistivity, inferring the existence of a fracture dipping to the southeast (Figure 8A); the karst development zone in the south-central part of line L7 continues to extend and becomes wider, with another karst development zone at point 320, with the lower contour extending to the southeast and a resistivity misconnection, inferring the existence of a fracture dipping to the southeast (Figure 8B).
[image: Figure 7]FIGURE 7 | Geophysical inversion section (lines L1–L5, A–E) of the high-density resistivity method. 1, inferred scope of collapse.
[image: Figure 8]FIGURE 8 | Geophysical inversion section (lines L6–L10, A–E) of the high-density resistivity method. 1, inferred scope of karst; 2, inferred scope of collapse; 3, inferred line of fracture.
Three measurement lines were laid in the near east–west profile: L8, L9, and L10. The anomalous area and geological structure distribution revealed by the seven longitudinal lines and three transversal lines are integrated, and it is inferred that line L8 is located at measurement points 50–130, with a karst development zone between 70 and 110 m in depth and an irregular elliptical shape overall. Between measurement points 290 and 320, 470 and 490, 520 and 580, and 610 and 660, the anomalous area is in the shape of small blocks or clusters. The anomaly is located between measuring points 290 and 320, 470 and 490, 520 and 580, and 610 and 660, and between 60 and 100 m above sea level, and the anomalous area is in the shape of small blocks or clusters, which may be filled with shallow water bodies and have low resistivity (Figure 8C). According to the resistivity variation of measurement line L9, there is a resistivity discontinuity in the area extending from south to north between measurement points 100 and 170, and the contour variation is uneven, presumably due to the existence of fractures; between measurement points 430 and 480 and between 540 and 660, the contour circle between 40 and 90 m above sea level is depressed, presumably a mining collapse anomaly (Figure 8D). The shallow surface above 80 m elevation was identified as a large karst anomaly with an irregular elongated shape, mainly due to the erosion of carbonate rocks by water bodies (Figure 8E).
The goaf is filled with water and sediment due to mining activities, and the geophysical inversion section shows a low-resistance irregular shape. The strong hydrological exchange in the carbonate area can easily trigger geological disasters such as cave collapse pits. Geophysical exploration of the area was carried out using the high-density resistivity method and the seven north–south lines and the three east–west lines, which run through the anomalous area of mining and karst ground collapse and its influence range, to verify the anomalous area detected by the seven north–south lines, so as to obtain the overall distribution of mining ground collapse in the area and its morphological characteristics and to detect the possible occurrence and influence range of ground collapse caused by both mining and karst. In this study, the ground collapse caused by both mining and karst and its influence range are detected, and the location of underground anomalies and the distribution pattern of stratigraphy in the area are identified, indicating that the high-density resistivity method can effectively detect the location of similar geological hazards such as ground collapse caused by mining and karst.
CONCLUSION

(1) The study area is located in a carbonate rock region, where there are many mining activities and human engineering activities, a certain range of underground mining areas, and good conditions for alternating water circulation. The integrity and strength of bedrocks are greatly affected by the karst ground collapse and other geological hazards and hidden dangers, together with the complex geological formations in the mining areas. This in turn greatly affects the safety of life and property of the residents. The high-density resistivity method was used to investigate the mining ground collapse in the study area by laying seven longitudinal lines and three transversal lines, and the mining ground collapse and geological structures revealed by the longitudinal lines were all revealed by the transversal lines. The cross-sectional and longitudinal profiles were mutually verified, and the revealed geohazard development areas were found to have a high degree of overlap.
(2) The high-density resistivity method is suitable for application in karst and mining collapse areas and can effectively identify the distribution of strata and the morphological characteristics of the anomalous areas. It can be used to detect and analyze ground collapse and other geological hazards caused by mining and karst. It can provide an important basis for the selection of hole placement for later drilling work and provide a theoretical basis for the detection and identification of similar geological hazards.
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