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Abstract

:

The development and utilization of land in the main urban area have significantly impacted the stability of the regional geological environment through various means, such as increased load and subway construction, primarily manifested as rock and soil mass deformation leading to geological hazards. Therefore, it is worth exploring how to reduce the occurrence of karst ground subsidence (KGS) through reasonable land development and control measures in the main urban areas with large-scale developments of buried karst formations. This study focuses on the main urban area of Wuhan City. An evaluation model for KGS was constructed using the analytic hierarchy process (AHP) and comprehensive index evaluation method by analyzing the geological conditions that affect KGS. The susceptibility zoning of KGS was obtained with GIS spatial analysis technology. The results show that the susceptible areas can be divided into extreme, high, medium, and weak susceptibility, accounting for 4.93%, 15.30%, 33.21%, and 46.56%, respectively, which are consistent with the distribution density of past KSGs. Furthermore, by selecting the subway construction as a human activity type, it indirectly discusses the influence of land development intensity on KGS. The results show that past KSGs are mainly concentrated in areas with high engineering construction density and significant land development intensity. Based on the above, strategies for regional land development and prevention and control of KGSs are proposed.
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1. Introduction


Carbonate rock formations are widely present in the ice-free continental areas of the Earth and provide water resources for 20% to 30% of the world’s population [1,2,3]. The carbonate rock formations in mountainous areas are directly exposed to the surface, resulting in prominent karst landforms [4]. These areas often accompany mining and tourism activities like Guilin Karst Landscapes [5]. The carbonate rock formations in the plain are usually covered by Quaternary sediments, making it challenging to determine carbonate rocks’ distribution range accurately. This can adversely affect engineering construction, such as highways and high-rise buildings [6]. Karst ground subsidence (KGS) usually occurs in carbonate rock beneath the Quaternary sediments [7,8]. The main reason is that carbonate rock generally has cavities and voids, and channels are connected to the covered sediment. Under natural and human factors, Quaternary sediments leak along karst channels, resulting in KGS [9].



To prevent the hazards caused by KGS, extensive research has been conducted on karst subsidence development’s geological and environmental conditions. Siska et al. (2016) and YongYao and ShuLin (2018) found that the underground water flow conditions, lithology of bedrock, voids, and karst caves in the bedrock, as well as changes in water and gas pressure within the pores, are significant influencing factors [10,11]. Kaufmann and Quinif 2002 and Zhao et al. 2018 investigated how to identify the distribution characteristics of KGS from the ground and conducted case studies using techniques such as ground remote sensing, ground penetrating radar, seismic imaging, etc. [12,13]. Several studies [14,15,16,17,18] have investigated the triggering mechanisms of KGS, using various analytical methods such as microgravity measurement, logistic regression analysis, and the information value method or experimental simulation, and found that factors such as unstable surface sediments, land development and utilization, poor surface drainage, and high surface slope can affect the occurrence of KGS. However, the above research primarily focuses on large areas and wide plain suburbs, emphasizing the KGS phenomenon’s causal mechanisms and statistical laws. Some scholars mainly study the susceptibility to KGS in the construction sites of major linear projects. A few scholars utilize historical, geophysical, and geological methods to analyze karst environments to prevent urban development in hazardous areas [19,20,21]. However, there is still a lack of analysis from both the perspective of geological, environmental conditions and the intensity of large-scale engineering construction activities regarding the restrictive effect of karst ground collapse on land use in central urban areas (small-scale areas with high-intensity human activities). Similarly, insufficient research identifies factors causing different regional karst ground collapses and proposes targeted control measures for land development and utilization in central urban areas [22,23,24].



As a developing country still undergoing continuous and rapid urbanization, China’s urban area continues to expand, and the population density in cities is rapidly increasing. The rapid modernization of cities has led to changes in land use patterns in the main urban areas, mainly manifested by inefficient land use patterns in the early stages of urban development [25]. Local governments have carried out large-scale demolition and reconstruction of central urban areas to cope with population growth and economic development, along with many engineering constructions such as subways and high-rise residential buildings [26]. Wuhan is the capital city of Hubei Province, a rapidly developing city and the most populous city in central China. It is an important transportation hub in the region, located in the eastern part of the Jianghan Plain, where the Yangtze River and its longest tributary, the Han River, converge [27,28,29]. In 2021, the main urban area, including seven districts, had a population of about 7 million residents with an average population density of 7974 people per square kilometer (Figure 1). This exceeds Greater London’s population density of 5726 people per square kilometer and is similar to Tokyo’s population density of 7846 people per square kilometer, but it is lower than New York City’s population density of 11,002 people per square kilometer [30,31,32]. Wuhan’s extremely high population density is accompanied by economic development and the improvement of the regional urbanization level, leading to continuous urban renewal and large-scale urban construction [33,34,35].



The subway network is a pioneer in urban development, providing convenient commuting conditions that expand people’s living range. As a result, it could change the land use value or utilization methods of areas surrounding the subway lines. This often leads to demolishing, rebuilding buildings, and developing and utilizing vacant land [36,37,38]. The demolition and reconstruction of buildings often involve transforming old, low-rise residential houses into newly commercial office buildings, high-rise apartments, etc., which increases the ground load and imposes higher requirements on the carrying capacity of the regional geological environment [39,40,41]. During the abovementioned construction process, various construction methods were employed, such as drilling, pile foundation reinforcement, excavation of foundation pits, and dewatering. These methods have led to changes in the primary geological conditions of the project area. While developing and utilizing vacant land, activities such as filling in sinkhole lakes and excavating soil can directly change the regional geo-environmental conditions by affecting groundwater systems’ discharge and replenishment conditions and causing changes in the thickness of overlying bedrock layers. Therefore, during the construction process of the subway, not only will the construction process directly affect the stability of the rock formations in the subway construction area, but it will also indirectly lead to changes in land use patterns around the railway line and consequently alter regional geo-environmental conditions [18,42]. The renewal and construction of the central urban area are mainly centered around subway lines. The building or planning of subway lines can reflect the strength of regional development [43,44].



Three soluble carbonate rock belts are distributed in the main urban area of Wuhan, running approximately east–west. The width of these belts generally ranges from 0.8 to 6.8 km. Due to tectonic movements, some parts of the belts have undergone folding, and only a tiny amount is exposed, while the majority remains concealed beneath Quaternary sediments. These belts represent typical buried karst formations in southern China [45]. In the context of the widespread distribution of buried karst formations, the large-scale urban construction and land development in Wuhan have been restricted by geological hazards such as KGS. Therefore, this study selected the main urban area of Wuhan City as the study area, which has dense subway lines and buried carbonate rock formations. By analyzing the ways and influencing factors of high-intensity human activities on the susceptibility of buried KGS within a small range, corresponding land development control measures and suggestions are proposed based on the evaluation results in the central urban area.




2. Karst Development Conditions


Wuhan has a subtropical, humid monsoon climate with an average annual precipitation of 1140–1265 mm. The rainfall is concentrated from April to August. It belongs to a part of the Yangtze River through depression and has sub-platform characteristics. The strata comprise the Silurian–Quaternary (S–Q) group, among which the Quaternary distribution in this area is the widest, accounting for about 85% of the total area. The central zone is dominated by plains in the landform, with low mountains and hills alternating with plains [46,47]. The fractures are well developed, with several running almost through the entire area from north to south. The groundwater types are divided into three categories according to aquifers’ lithology and occurrence conditions: sedimentary pore water, carbonate rock fissure water, and clastic rock fissure water. The distribution of the aquifer is shown in Figure 2 [48].



The development degree of carbonate rock karst and the distribution of ground subsidence caused by karst can be seen in Figure 2 of the study area. There are three nearly east–west buried carbonate rock belts distributed in the area.



	A.

	
Daijia Mountain–Qing Mountain







Located in the northernmost part, most of this area is dominated by dolomite and siliceous dolomite, with a small amount of siliceous limestone mixed in. The CaO/MgO ratio is low, and the SiO2 content is high in its chemical composition. The main rock-forming minerals are dolomite, pyrite, quartz, and calcite. It is relatively difficult to dissolve and has no apparent dissolution phenomenon. But in some local areas, the geological structure has a significant impact, with well-developed karstification, such as near the Tianxingzhou Yangtze River Bridge.



	B.

	
Guoding Mountain–Guishan–Yujia Mountain







This belt can be further divided into three small belts. The middle belt mainly comprises T1-2j, T1d, P1q, and P1g dolomitic limestone and argillaceous limestone, while the two sides mainly comprise C2h limestone and dolomite. It is covered by Q2 sticky soil with a thickness ranging from 12 to 51.



	C.

	
Moshui Lake–South Lake







This belt can be further divided into three small belts. The middle belt is relatively wide, with small and slender belts on both sides, located in the core area of the Xinglong–Baoxi complex inverted anticline. It mainly comprises dolomite, limestone, mudstone, and other rocks. Some areas contain non-soluble rocks, such as siliceous rock, shale, and claystone, with a localized presence of red sandstone. Except for the area near Wuchang Railway Station, which is covered by Quaternary old clay, the rest is covered by loose sediments such as alluvium and lake deposits.



There are 11 subway lines already built in the research area, with four under construction and three planned for future development. The construction process of subway lines directly involves engineering activities such as underground excavation, drilling, and drainage; it also indirectly affects changes in land use around the lines and places higher demands on the regional geological environment carrying capacity. In recent years, ground subsidence caused by karst has occurred more frequently in the study area. It is the most significant geological hazard threatening people’s lives and property safety. This restricts the development and utilization of land in the main urban area. In the study area, KGS mainly manifests as the subsidence of Quaternary loose deposits. According to official records and research data, there have been 27 incidents of karst subsidence in the study area. From the perspective of geological structure analysis, the occurrence of KGS is mainly located near fault zones, and its probability is inversely proportional to the distance from the Yangtze River. Based on drilling data interpretation, dissolution is evident near fractured zones with an average limestone dissolution rate of 27%. From the perspective of the distribution of soluble lava formations, KGSs mainly occur in the Triassic Daye Formation and Permian Qixia Formation limestone, all of which belong to buried karst subsidence [42]. From the coverage structure and thickness perspective, 23 occurrences belong to the binary structure of “upper adhesive lower sand”, and 4 occurrences belong to structures with three or more layers. The number of occurrences for soil layer thicknesses of 20–30 m and 30–40 m is 18 and 9 times, respectively.



According to the geological conditions, triggering mechanisms, and relevant monitoring data of karst subsidence in the main urban area [49], the presence of karst cavities, a certain thickness of the loose cover layer, and groundwater dynamics are the basic conditions for KGS. This study analyzes the susceptibility of KGS from three basic conditions: karst conditions (KCs), overburden conditions (OCs), and hydrodynamic conditions (HCs). Based on ignoring factors that have little impact on basic conditions, we further decompose basic conditions into six influencing factors: bedrock lithology (KCBL), degree of karstification (KCDK), thickness of overburden OCT, lithology and structure of overburden OCLS, distance between groundwater level and bedrock HCDLB, and variation in groundwater level HCVL [17,50,51,52,53].




3. Method


Many complex and intertwined factors contribute to the subsidence of karst ground, presenting a complex nonlinear dynamic characteristic among various influencing factors. However, there is also an apparent correlation and classification [23]. The traditional qualitative evaluation method cannot comprehensively reflect the multi-factor effects of KGS. The analytic hierarchy process (AHP) is a multi-objective decision-making analysis method that combines qualitative and quantitative methods, which avoids determining weights directly by evaluators and reduces the subjective factors affecting the evaluation [54,55,56]. It is suitable for analyzing the interrelated and interdependent complex problems of factors such as those in KGS susceptibility assessment, enabling quantitative evaluation of KGS.



3.1. Evaluation Model


A multi-factor discrimination model for evaluating ground subsidence in karst areas is established based on the basic conditions and influencing factors’ analysis and selected evaluation methods (Figure 3).



According to the corresponding status of influencing factors in different regions, their contribution degree to ground subsidence in karst areas is analyzed and divided into levels using the 1–9 scale method. A weighted average comprehensive index model is applied to evaluate the susceptibility of karst subsidence [56,57]


    P I   i   =    ∑  j = 1   m       w   i j   ′   ·   P   i j      



(1)




where     P I   i     represents the comprehensive score of the i-th evaluation unit and     P   i j     represents the comprehensive score of the i-th evaluation unit.



The flowchart in Figure 3 outlines the process for assessing KGS.



Firstly, analyze the contribution and quantify the grading of six influencing factors to their respective basic conditions based on their specific situations in different areas.



Secondly, construct a judgment matrix according to the relative importance by expert knowledge of influencing factors under the same basic condition, obtain eigenvectors, conduct consistency checks and normalization processing, and obtain weights for the six influencing factors on basic conditions.



Thirdly, repeat the steps above to determine the contribution level and importance of three basic conditions to KGS.



Fourthly, the contribution level of influencing factors to KGS can be obtained by multiplying each pair of basic conditions and influence factor weights, and a KGS susceptibility zoning map can be obtained using the comprehensive index method to superimpose influence factors based on MAPGIS.



Finally, it examines the limitations and preventive measures for high-density urban land development caused by karst coverage, considering engineering construction activities like subway construction, regional land use status and planning, and susceptibility analysis of KGS.




3.2. Factors Affecting Karst Ground Subsidence


This section mainly introduces the evaluation factors of KGS. It explains in detail the impact of these factors on the development and occurrence of KGS. There are three main indicators and six factors, as shown in Table 1. The following is a detailed explanation.



	
Karst conditions (KCs)






The KGS areas of Wuhan City mostly appear in subsidence pits and other point-like forms. The subsidence pits are distributed linearly in space, while there are also cases where they appear concentrated in the same area. The distribution characteristics of the subsidence events show a pattern of points, lines, and areas strongly correlated with the lithology of bedrock and the degree of karst development [58,59].



	
Bedrock lithology (KCBL)






The highest karst erosion rate in the research area is found in the thick layer of limestone from the Carboniferous–Permian Chuanshan Formation–Huanglong Formation (C), where local caves are developed. The second highest rate is found in the thick layer of limestone in the Permian Qixia Formation (P). The karst erosion rate could be better for the Triassic Daye Formation mudstone (T), with only a few dissolution fissures. There is no karst development in the Silurian (S), Devonian (D), Cretaceous and Lower Tertiary (K-E), and Upper Tertiary (N) clastic rock bedrock (Figure 4a).



	
Degree of karstification (KCDK)






According to the collected data from 279 borehole rock cores, the underground karst features in the area were statistically analyzed. The results showed that the main karst forms are caves and dissolution fissures. Influenced by crustal uplift and subsidence, there is a specific stratification vertically, with caves and crevices mainly distributed above −45 m elevation. In the A. belt, karst development is more significant within the elevation range of −50~5 m; the B. Belt has overall well-developed karst features, with the most significant development at elevations of 10~15 m and −5~−10 m; and the C. Belt has relatively developed karst features at elevations of 0~5 m and −25~−40 m. The height of caves is generally between 0.1 and 6 m, with longitudinal string-like cave phenomena present. The filling rate of caves is low, and they are usually filled with clay or gravel. Karst development can be classified into four categories: no karst development; well-developed fissures; few caves but well-developed fissures; and relatively developed caves and crevices (Figure 4b).



	
Overburden conditions (OCs)






The subsidence process of Quaternary loose deposits can be divided into two stages. In the first stage, sandy soil leaks and subsidence occur due to changes in groundwater dynamic conditions. Sandy soil produces vertical leakage at the rock–soil interface, forming funnel-shaped loose bodies. In the second stage, the cohesive soil cover layer becomes unstable. When the funnel-shaped open body of sandy soil spreads to the cohesive soil cover layer, the bottom of the coherent soil cover layer loses support force. It causes central subsidence in the cohesive soil funnel. A subsidence pit is formed when it is further affected by additional loads or insufficient buoyancy pressure caused by human activities. The effect of this subsidence process is closely related to the thickness of cohesive soils, and its occurrence location is closely associated with overlying rock structure types; a single-structure covering layer may only experience one or both stages, while dual-structure covering layers will experience both stages simultaneously [60].



	
Overburden thickness (OCT)






Based on the collected drilling data, the thickness of the Quaternary cover layer was statistically analyzed for each borehole. The thickness data of the Quaternary cover layer in the study area were obtained by Kriging interpolation. Previous studies have shown an inverse relationship between the thickness of the Quaternary cover layer and the probability of karst subsidence, i.e., a thicker cover layer indicates a lower probability of karst subsidence. According to statistics, most karst subsidence occurs in areas where the thickness of the covering layer is less than 10 m, with areas with less than 5 m having the highest density and the most significant amount of subsidence. The subsidence decreases significantly in areas where covering layers are between 10 and 30 m thick, and almost no subsidence occurs in areas with more than 30 m thick covering layers. In this study, based on the geological properties of Quaternary sediments and the analysis and summary of available data on past occurrences of subsidence, influencing factors were divided into four levels: >30 m, 30–20 m, 20–10 m, and <10 m (Figure 4c).



	
Overburden structure and lithology (OCSL)






According to the geological survey and drilling data, the Quaternary cover layer structure in the study area can be divided into single-layer and binary structures. The single-layer structure is generally plastic cohesive soil with sufficient consolidation and strong cohesion, which is not prone to subsidence. The binary structure has two situations: the first type with the upper layer made of plastic or hard plastic clay, and the lower layer composed of gravelly sub-soil, with a clay–sand ratio greater than 1. In this case, the probability of subsidence is relatively tiny; the second situation is that the upper layer is plastic clay, and the lower layer consists of sand–gravel or sandy soil with a clay–sand ratio of less than 1. Due to direct contact between sand layers and carbonate rocks, karst fissures or cavities cause sand–gravel or sandy soil leakage, leading to a high probability of the karst subsidence phenomenon. In this study, the material composition and structural aspects of cover layers are classified as follows: single-clay layer; clay–sand ratio greater than 1; clay–sand ratio less than 1; single-layer sandy soil (Figure 4d).



	
Hydrodynamic conditions (HCs)






The influence of groundwater dynamic conditions on karst subsidence mainly manifests in the erosion effect of pore water on saturated sand. The overlying loose layer pore water head is higher than karst water. It has pressure-bearing properties, which are conducive to carrying loose sand particles into karst fissures and cavities for migration, resulting in infiltration erosion [9]. At the same time, the fluctuation range of the bedrock groundwater level directly affects the change in the groundwater hydraulic gradient, exacerbating the erosion effect of the cover sediment. According to the monitoring data, the hydraulic head difference between the pore and karst water in the study area ranges from −1.14 to 15.93 under natural conditions, and their water levels change synchronously. According to physical model experiments, critical hydraulic gradients for permeability deformation in sand layers were 0.31~0.73, while destructive critical hydraulic gradients were 0.675~4.49 [49,58]. Therefore, the distance between the groundwater level and the bedrock surface and the groundwater level fluctuation are chosen as influencing factors to analyze the impact of groundwater level on karstification.



	
Distance between groundwater level and bedrock (HCDLB)






Analyzing existing karst subsidence events, the characterization of the distance between the groundwater level and bedrock surface is obtained by calculating the distance between the average annual elevation of the pore water level and the elevation of the bedrock surface. The reason is that if the groundwater level in the pore fluctuates near the top surface of the bedrock, it will quickly increase the erosive force on the sand layer and cause subsidence. According to statistics on karst subsidence events in the study area, those with a distance of less than 15m are prone to induce subsidence. In comparison, those greater than 15 m are relatively stable and do not easily trigger subsidence. The distance between pore water levels and bedrock in the study area is divided into two groups, 15–30 m and <15 m (Figure 4e).



	
Variation in groundwater level (HCVL)






The change in groundwater level can be expressed by its variation. The greater the deviation of groundwater level, the easier it is to generate a large permeation force and dynamic water pressure, which significantly impact the state of the soil [61]. It exerts an erosive force on loose cover layers, causing them to peel off and wash away, leading to subsidence. By analyzing historical subsidence events, monitoring dates of groundwater levels, and geological drilling data, the difference between the maximum and minimum values of observed water levels from 2016 to 2022 is taken as the variation range of the groundwater level and is divided into four categories: >5 m, 3–5 m, 1–3 m, and <1 m (Figure 4f).




3.3. Evaluation of Susceptibility to Karst Ground Subsidence


We analyze the basic conditions for KGS separately, including the role and contribution of influencing factors under the basic conditions, and construct an impact judgment matrix based on their relative importance (Table 2, Table 3, Table 4 and Table 5). The consistency ratio (CR) was used to evaluate the reliability of the constructed judgment matrix. A CR higher than 0.1 indicates an unreliable judgment requiring comparison and scoring modification. In this study, the CR calculated for simple sequences was 0.0, while that for total lines was 0.02; both values are lower than 0.1, indicating consistency between judgment matrices.



The weights of basic conditions for KGS and influencing factors on these conditions can be obtained by normalization through calculating their maximum eigenvalues and corresponding eigenvectors (Table 6). The comprehensive evaluation model for susceptibility to KGS determines the contribution degree of influencing factors using a composite index method, as shown below.



The calculated comprehensive index divides the study area into extreme susceptibility, high susceptibility, medium susceptibility, and weak susceptibility using the natural segmentation method of the Geographic Information System (GIS). The results show the susceptibility zoning of KGS. We compared the results with existing subway lines and subway planning maps (2020–2035), combined with an analysis of land use types to analyze the triggering effect of human activities on KGS.





4. Discussion


4.1. KGS Susceptibility


The area of karst distribution in the study area is 155 km2, with extreme susceptibility, high susceptibility, medium susceptibility, and weak susceptibility covering 7.64 km2, 23.72 km2, 51.48 km2, and 72.16 km2, accounting for 4.93%, 15.30%, 33.21%, and 46.56% of the total karst area, respectively (Figure 5).



The extreme-susceptibility areas are mainly distributed in Qingling Town, Snake Mountain, on the first terrace of the Yangtze River’s southern carbonate belt. The bedrock lithology in this area is C-P limestone with a fault through it. The rock is broken and has karst fissures and caves. The overburden layer is relatively thick, with a thickness greater than 20 m, consisting of a binary structure of single-layer sand or thin clay layers. The groundwater level is close to the bedrock, less than 15 m. The geological conditions within the area are prone to induce ground subsidence due to karst erosion; many incidents have occurred historically. This indicates that the evaluation method used in this study for determining susceptibility levels aligns well with actual conditions and produces ideal results.



The sporadic distribution of the potential sinkhole-prone areas in high-susceptibility areas is located in Tortoise Mountain and the Yujia Mountain–Yanxi Lake regions. The bedrock lithology in this area is mainly Carboniferous limestone, with two faults developed within the region. The karst development degree near the Yangtze River area is relatively strong. The thickness of the overburden layer is generally less than 20 m, while it is relatively thicker around Qingling Lake. Near the Yangtze River area, the structure of the overburden layer presents a binary structure with thin clay layers; while far away from the river area, most of them are single clay layers. The groundwater level is close to bedrock and has a close hydraulic connection with water sources such as Yangtze River water, pore water, and karst water.



Medium-susceptibility areas are mainly concentrated in the northern carbonate rock belt. The bedrock in this area is primarily composed of C limestone in the north of the belt, with weakly developed dissolution fissures, while S and K-E clastic rocks are dominant in the middle and southern belts, where there is no karst development. The thickness of the overburden layer is mostly greater than 30 m. The structure of the cover layer is a binary structure with a relatively large thickness of sticky sand or a single clay layer.



The weak-susceptibility areas mainly consist of coverage-type carbonate belts located far from the river. The bedrock in this area is composed of Silurian, Permian, and Devonian strata, with limited karst development. The thickness of the overburden layer is generally greater than 30 m. The groundwater level is approximately 30–45 m below the bedrock. There is a weak aquitard between the confined aquifer and the carbonate rock aquifer, which typically prevents karst subsidence from occurring.




4.2. Impact of Engineering Activities


Human activities are closely related to the susceptibility of KGS in the research area. Different types of human activities can induce varying degrees of KGS in different regions. Human engineering activities significantly trigger KGS [28,62].



According to the analysis of factors induced by human activities (Figure 6), it can be seen that the ground subsidence in karst areas mainly occurs in regions with more human activities, such as construction sites. Human activities, including the extraction of karst groundwater during construction, excavation pits, and the additional load from large buildings and warehouses, significantly impact the karst geo-environment. When the karst geological environment is fragile, KGS has a strong tendency to occur [6]. Some high-susceptibility areas and areas with weak susceptibility refer to regions with relatively stable geo-environmental conditions. These areas are characterized by more intensive human activities and engineering constructions. If the level of human activity in this area exceeds the stability of the karst geo-environment, there will be even more ground subsidence than in extreme-susceptibility areas [63]. There have been no occurrences of ground subsidence in some extreme-susceptibility areas. The reason is that these areas have lower human activity intensity and are mainly used for ecological and agricultural purposes without large-scale engineering construction. As a result, they have a minimal impact on the karst geological environment and are less likely to trigger ground subsidence caused by karst formations [14,57].



Combining the construction and planning maps of Wuhan’s subway lines (Figure 7), it can be concluded that karst subsidence incidents have occurred near the subway lines, closely related to urban development. The construction or planning of subway lines can promote the appreciation of surrounding land values, thereby driving many engineering activities such as old city renovation around the line [64]. At the same time, the construction of subway lines and stations has led to extensive development and utilization of underground space. In these construction projects mentioned above, pile foundation compaction increases the load, leading to karst subsidence [49,65]. On the other hand, the excavation of foundation pits requires the pumping of groundwater, resulting in a significant variation in the water level and causing instability in the structure of overburdened sediment [22,42,58]. On a regional scale, these construction projects directly increase the susceptibility of KGS, resulting in the formation of sinkholes in shallow soil layers or below the bedrock limit, leading to cracking or collapsing surface buildings and infrastructure. And, like most geological hazards, the prevention and control of KGS should prioritize avoidance. Therefore, KGS imposes significant constraints on urban land development.




4.3. Suggestions for Partition Control


As an essential means to achieve a rational allocation of land resources, overall land use planning can adjust the structure and layout of land use at the macro level. Based on the analysis of KGS susceptibility evaluation and human activity characteristics, combined with the existing land use structure and layout, this study proposes a zoning control for subsequent land development. It puts forward prevention and control measures for KGS under different working conditions. Therefore, it is of practical significance to propose control suggestions for high-density urban core area land use planning.



Due to the binary structure of a single sand or clay covering in extreme-susceptibility areas, the sand layer causes the direct contact of soluble rocks with developed cracks and caves. When engineering construction in the area pumps groundwater, causing fluctuations in water levels, sand particles will become unstable under gravity or impact and leak into karst fissures or caves, ultimately inducing instability and rock subsidence of the covering layer [66]. In this case, when constructing a subway in extreme-susceptibility areas, it is necessary to consider adopting prevention and control technology measures, such as changing underground tunnels into elevated structures on the ground, effectively reducing or avoiding the harm of KGS [67]. When conducting engineering construction, preventing sand particle leakage should be prioritized by limiting pumping water quantity and slowing down fluctuations in the groundwater level [68]. For excavation during foundation pit earthwork excavation, using small excavators for gradual digging can reduce load-bearing pressure on lower rock–soil masses. To address increased regional loads due to strong compaction, increasing the density of sandy soil cover layers while lowering compressibility can prevent sand particle leakage and improve the anti-subsidence ability of soil layers. At the same time, dynamic compaction fills the lava fissures or caves directly beneath the covering layer of sandy soil, eliminating potential hazards. Based on the above, when extreme-susceptibility areas are planned for construction land, there are difficulties in development, large investments in engineering technology, and prominent safety hazards. Therefore, when planning land use, priority should be given to designating the extreme-susceptibility areas in the main urban area as land use types with lower engineering construction intensity, such as ecological land, to avoid their development and utilization as construction land [69]. Suppose the current land use in extreme-susceptibility areas is mainly low-rise residential neighborhoods with low development intensity during the urban renewal. In that case, it is advisable to maintain the existing land use intensity and avoid demolishing and constructing high-rise residential buildings. This will help ensure the stability of the regional geo-environmental carrying capacity.



The thickness of the covering layer in the high-susceptibility areas is generally less than 20 m, and the covering layer in the area around Qingling Lake is relatively thick. The structure of the overburden layer can be divided into two types: a binary structure with a thin clay layer near the Yangtze River region and mostly a single clay layer away from it; the distance between the groundwater level and bedrock is close, and there is a close hydraulic connection among the Yangtze River water, pore water, and karst groundwater. The degree of karst development in the lower part near the Yangtze River region is more substantial. Under seepage erosion, vacuum suction erosion, and engineering activities, the soil below the bottom of the overburden layer will be eroded to form soil caves, possibly leading to instability. In preventing and controlling KGS in high-susceptibility areas, the formation of soil caves in the overburden layer should be given priority. This can be achieved by replacing and filling voids with soil or grouting, eliminating vacuum pressure inside the caves, and controlling groundwater erosion and surface loads. When carrying out engineering construction, the pumping volume, water level drawdown, and well spacing should be limited to avoid excessive pumping from densely clustered wells. Properly place filter pipes in the developed areas of karst caves and the damaged sections of fault zones to prevent potential erosion caused by pumping water. If soil caves are formed above bedrock surfaces, they can be filled using compacted replacement or grouting methods until they disappear entirely. When the overburdened layer of soil is a binary structure with a clay layer beneath the sandy soil, it is necessary to protect the integrity of the clay layer during construction. If it is required to penetrate the barrier layer, effective measures should be taken to prevent sand fluid from leaking into the underlying cavities along exploration sites. Based on the above, high-susceptibility areas should prioritize maintaining the existing intensity of land use and preserving regional geological and environmental stability [70]. Before regional development and construction, a comprehensive evaluation of the geological and ecological carrying capacity should be conducted to ensure that human activities such as regional building density and underground space development are limited to acceptable limits [71].



The land in the medium- and weak-susceptibility regions not prone to geological hazards is designated for engineering and construction purposes (industrial and residential land). The geological conditions of these sites are favorable, providing a solid foundation for construction projects. Under natural conditions, there is little risk of KGS. However, economic development needs and large-scale underground construction activities, such as groundwater extraction during the process, may affect the foundation’s stability within a certain range. Therefore, it is necessary to strengthen management during engineering activities by reasonably arranging well clusters and strictly prohibiting excessive mining practices while implementing monitoring measures.





5. Conclusions


This study evaluates the susceptibility of KGS based on the analysis factors of karst development distribution, starting from regional geological and environmental conditions. The evaluation is conducted using the AHP–comprehensive index method. Furthermore, control measures for different susceptibility areas of human activities are proposed. The above analysis and control measures can provide a reference for other regions with comprehensive karst areas and rapidly developing cities such as Shenzhen and provide a basis for preventing ground collapse in areas with large-scale underground construction and urban renovation projects. However, the limitation of this study lies in the need for further strengthening targeted control measures and using more refined data to determine areas prone to KGS. For the unevenness of the vertical geological structure in karst areas, combining remote sensing image data or sensing gravity data can facilitate the identification of karst development regions [29,72]. Furthermore, machine learning can create detailed geological models using the measured data from hydrogeological and urban geological surveys as basic information [23,66,73]. This approach can reduce ground drilling and establish more accurate three-dimensional urban environmental and geological structure models. On the other hand, considering the impact of human activities on KGS, it is possible to construct quantitative models based on data such as building and road density to characterize the intensity of human activity. This approach allows us to utilize historical survey data to assess the impact of human activity at different stages of subway line planning, construction, and completion. Furthermore, it is possible to quantitatively analyze the effects of human activities on regional, geological, and environmental stability and regional KGS.
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Figure 1. Location and scope of the study area. 
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Figure 2. Hydrogeological map of the study area. 
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Figure 3. The flowchart of this study. 
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Figure 4. Single-factor zoning map. (a): Bedrock lithology; (b): degree of karstification; (c): overburden thickness; (d): overburden structure and lithology; (e): distance between groundwater level and bedrock; (f): variation in groundwater level. 
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Figure 5. Susceptibility zoning of karst ground subsidence in the study area. 
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Figure 6. Human activity analysis map. 
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Figure 7. Subway line analysis map. 
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Table 1. The evaluation factor level classification criteria of karst ground subsidence.
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Indicators

	
Factors

	
Levels

	
Data Sources




	
Weak

	
Medium

	
High

	
Extreme






	
Karst conditions

	
Bedrock lithology

	
S, D, N, K-E

	
T

	
P

	
C

	
National Geological

Archive Data Center http://dc.ngac.org.cn/; accessed on 7 September 2020




	
Degree of karstification

	
-

	
Fissure developed

	
Few caves, fissure developed

	
Caves developed

	
Wuhan Center of China Geological Survey https://zk.cgsi.cn/ accessed on 7 September 2020




	
Overburden conditions

	
Thickness

	
>30 m

	
30–20 m

	
20–10 m

	
<10 m




	
Lithology and Structure

	
Single clay layer

	
Clay–Sand ratio>1

	
Clay–Sand ratio<1

	
Single sand layer




	
Hydrodynamic conditions

	
Pore water level to bedrock distance

	
-

	
30–15 m

	
-

	
<15 m

	
Geogical Environmental Center of Hubei https://geocloud.hubgs.com/metadata/ accessed on 7 September 2020




	
Ground level variation

	
<1 m

	
1–3 m

	
3–5 m

	
>5 m











 





Table 2. Judgment matrix of factors to karst conditions.
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	Factors
	Bedrock Lithology
	Karst Development Degree
	Weight Value





	Bedrock lithology
	1
	1/3
	0.2500



	Karst development degree
	3
	1
	0.7500










 





Table 3. Judgment matrix of factors to overburden conditions.
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	Factors
	Bedrock Lithology
	Lithology and Structure
	Weight Value





	Thickness
	1
	2
	0.6667



	Lithology and Structure
	1/2
	1
	0.3333










 





Table 4. Judgment matrix of factors to hydrodynamic conditions.
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	Factors
	Distance between Groundwater Level and Bedrock
	Variation in Groundwater Level
	Weight Value





	Distance between groundwater level and bedrock
	1
	3
	0.7500



	Variation in groundwater level
	1/3
	1
	0.2500










 





Table 5. Judgment matrix of condition layer to karst ground subsidence.
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	Indicators
	Karst Conditions
	Overburden Conditions
	Hydrodynamic Conditions
	Weight Value





	Karst conditions
	1
	2
	5
	0.5813



	Overburden conditions
	1/2
	1
	3
	0.3091



	Hydrodynamic conditions
	1/5
	1/2
	1
	0.1096










 





Table 6. Karst ground subsidence susceptibility assessment index weight table.
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