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The fluctuation of the groundwater level at a construction site is crucial in determining the design of the anti-floating water level. The design of the anti-floating water level is mainly based on the water level measured during the survey period combined with the information acquired from surrounding engineering. However, this approach fails to predict the future variation of groundwater level, which can potentially endanger the safety during the construction process and building occupancy. Therefore, a comprehensive method for determining the anti-floating water level is proposed based on the research background of expanding the airport site in Jinan. In conjunction with the actual survey of the expanded airport, numerical simulation research is conducted to predict the anti-floating water level under groundwater changes at three different depths of 3, 8, and 16 m. The anti-floating water levels corresponding to the depths are 19.2–18.3 m, 19.1–18.3 m, and 18.9 m−18.1 m, respectively. The analysis of the changes in groundwater level and precipitation in the site reveals a linear relationship between groundwater level and precipitation during January 2018 to December 2022. In addition, a quantitative theoretical calculation method for anti-floating water levels is proposed. Finally, a comprehensive comparison is performed between the anti-floating water level based on groundwater level and rainfall data and the simulated anti-floating water level. The measured and simulated anti-floating water levels are essentially the same in the western part of the study area, while the anti-floating water level obtained from the numerical simulation is lower in the southeast and higher in the northeast region. On this basis, the highest value among the measured and simulated is taken, and the anti-floating water level of the site is divided. The anti-floating measurements are proposed.
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1 INTRODUCTION
With the exponential population growth and urban construction expansion, mankind is increasingly utilizing underground space. This has led to a widespread application of underground engineering in various areas such as airport construction, underground parking lots, underground rail transit, and others. Such engineering construction inevitably requires the excavation of deep foundation pits, with foundations buried in deeper strata (Gu, 2003; Wang et al., 2024). In areas with high groundwater levels, underground constructions often experience buoyancy due to the upward pressure exerted by groundwater. If the upward buoyant force exerted by water exceeds the downward gravitational force acting on the structure, it can cause upward arching or cracking of the bottom plate of the structure. When the buoyant force exerted by water is considerable, it can cause the entire structure to rise and displace, making it unusable (Yuan, 2007; Ren et al., 2024). The design of the anti-floating water level is mainly based on the water level measured during the survey period, combined with the information acquired from surrounding engineering. However, this approach cannot predict future extreme fluctuations in groundwater level, leading to safety hazards during the construction process and building occupancy. Therefore, there is an urgent need to propose a comprehensive method to determine a reasonable anti-floating water level that can provide much-needed theoretical and practical support.
Engineering construction activities inevitably disturb the groundwater system, causing fluctuations in groundwater levels, land subsidence, and difficulties in water resource management (Lee et al., 2024; Wang et al., 2018; Watson et al., 2022; Kim et al., 2023), and even affecting engineering safety (De Caro et al., 2020; Mondal, 2024; Li et al., 2024). The “Technical Standard for Anti-floating of Building Engineering” specifies that the anti-floating water level should be the highest groundwater level the structure can encounter from construction until the end of its service life (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2019). Several scholars have proposed methods for determining the underground anti-floating water level and anti-floating measures designed to conditions specific to their research areas. They considered various natural and human factors for the studies, such as geological, building, and geomorphic conditions (Yu et al., 2020; Luo et al., 2020; Zhu et al., 2014). Kong et al. conducted a comprehensive study on the anti-floating water level of the underground (Kong and GuanYN, 2023). Li provided a comprehensive overview of the current state of anti-floating techniques for underground structures (Li, 2018). They analyzed the advantages, disadvantages, and applicability of different anti-floating measures. They indicated that the anti-floating water level should be determined based on the project’s specific conditions during the design process, and then appropriate anti-floating measures should be selected. Zhao considered the floating underground garage incident in a residential area in Hangzhou as the basis of their research and proposed improvement measures and calculation methods to address the shortcomings of the current anti-floating design methods for basements (Zhao, 2013; Mei and Song, 2019; Luo et al., 2022). Han et al. systematically analyzed the hydrogeological conditions and interannual dynamic variations in groundwater levels in the study area (Han et al., 2024). They determined the recommended elevation of the anti-floating water level for underground structures using numerical simulation and analogy prediction methods. They further employed numerical simulation and physical similarity simulation methods to predict the groundwater flow field or anti-floating water level of the construction site in the study area. An et al. employed Visual MODFLOW to predict the groundwater flow field of the site and determine the reasonable anti-floating water level (An et al., 2015). Zhang et al. conducted physical similarity experiments to quantify the variations in resistance during the upward movement of tunnels under different radii and surface water levels (Zhang RZ. et al., 2023). They revealed the underlying mechanism of soil damage during the overall upward movement of the tunnel. In addition, they developed the calculation method to determine the minimum burial depth of shield tunnels under different surface water levels during the construction period. Sun et al. extensively investigated the design of overburden thickness for shield tunnels in terms of face and anti-floating stability (Sun et al., 2023). Chen et al. investigated the effects of anti-floating and geological permeability coefficient on the retaining structure of a foundation pit under high water levels (Chen et al., 2022). Rastorguyev and Mukhina utilized the Dhi Feflow Software Package to solve groundwater flow issues at the site of hydroelectric power plants under construction (Rastorguyev and Mukhina, 2023). The research involved on-site monitoring and utilized both theoretical and numerical methods.Zhao et al. used numerical simulation to analyze the change law of groundwater seepage field in a riverside area of Zhuzhou, combined with groundwater monitoring data, and finally determined its anti-floating waterproof level, and their engineering practice results showed that the anti-floating waterproof level determined by this method was safe and feasible (Zhao and Zhou, 2024).
Determining the anti-floating water level for underground engineering structures is highly complex, and there is no established standardized technical methodology (Xu et al., 2019). Generally, the determination of anti-floating water level is often based on on-site experience in engineering practice. In light of this, this study proposes a method utilizing actual airport surveys and numerical simulations to predict the anti-floating water level of groundwater evolution under three different depth foundations: 3, 8, and 16 m. It analyzes the fluctuations in groundwater level and precipitation in the observation holes at the site and presents a quantitative method for calculating the anti-floating water level. Finally, a comparative analysis is conducted to compare the anti-floating water level based on long-term water level and rainfall data with the simulated anti-floating water level. The anti-floating water level of the site is divided to provide a scientific basis for anti-floating design. The research results are of great significance for engineering disaster prevention and mitigation, especially for areas with complex hydrogeological conditions.
2 MATERIALS AND METHODOLOGY
2.1 Study area
The study area is situated in a prime geographical location and is conveniently located near multiple transportation hubs: east of the Ring Expressway in Licheng District, Jinan City; west of Yaoqiang Airport Road; 50 m north of Huayi Hotel (Jinan Airport Branch) in Licheng District; and adjacent to Jinan Yaoqiang Airport. Jinan City lies in the warm temperate continental monsoon climate zone, with an average annual precipitation of 665.7 mm and an average annual evaporation of 1525.6 mm. The study area is part of the Yellow River alluvial plain landform unit, and the site has a predominantly flat landscape (Figure 1). The regional geological data shows that no fault structures are present within the site area.
[image: Figure 1]FIGURE 1 | Schematic diagram of the location and geological structure of the research area site.
The site is in the runoff area between the Yellow and Xiaoqing Rivers. Groundwater is primarily found in silt, silty sand, and locally distributed fine sand. This type of groundwater is called pore groundwater. The main sources of groundwater recharge are lateral recharge from the Yellow River and precipitation. Evaporation, groundwater runoff, and artificial water intake are the main causes of discharge. During the exploration period, the stable depth of groundwater in the study area ranged from 2.30 to 3.60 m, with an average depth of 2.91 m. The stable water level elevation ranged from 17.94 to 19.77 m, with an average elevation of 18.83 m.
The investigation and comparative analysis of regional geological data reveal that the lithology of the strata in the site can be categorized as follows based on their genesis and age: Quaternary Holocene plain fill(Mainly silt), miscellaneous fill(Mainly silt), filling soil(Mainly silt), silty clay, silt, fine sand, and Upper Pleistocene silty clay. The site is located in the alluvial plain of the Yellow River, where the Quaternary system is relatively thick and the terrain is flat. The general trend of shallow, deep groundwater flow is from southwest to northeast, consistent with the direction of surface water flow and terrain slope. The riverbed of the Yellow River is higher than the surface, and in the wet season, the groundwater in the site, the Xiaoqing River and the Yellow River have a large head difference, so the lateral recharge of the river is strong. Groundwater is primarily recharged by atmospheric precipitation and the Yellow River side seepage. In contrast, the main ways of discharge are artificial mining, runoff discharge, and vertical evaporation during the dry season.
2.2 Methodology
2.2.1 Overall thinking of the research
Combined with numerical simulation, mathematical statistics, and theoretical analysis, a comprehensive method for determining the anti-floating water level is proposed. The technical roadmap of the study is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Technical roadmap.
2.2.2 Numerical simulation
2.2.2.1 Model generalization
The hydrogeological conceptual model is structured into six levels, arranged in a vertical sequence based on the distribution of strata in the study area. From top to bottom, these layers consist of silt, silty-clay, silt, silty-clay, silt-powder sand soil and silty-clay layers. The study area has two types of groundwater: Quaternary loose layer pore groundwater and shallow micro-confined water. The Quaternary pore groundwater primarily exists in the Holocene and Upper Pleistocene alluvial deposits, with localized micro-confined pressure. The main aquifers are the first layer of silt, the third layer of silt, and the fifth layer of silt-powder sand soil layer. The silty clay layer has weak permeability, and the groundwater in this area can be generalized as a three-dimensional groundwater flow.
The northwestern section of the site is close to the Yellow River, while the southeastern section is near the Xiaoqing River, receiving recharge from the rivers. The perennial lateral recharge of the Yellow River is fed by the aquifers on both sides, and the hydraulic slope is between 0.2‰ and 0.5‰. Therefore, the northwest and southeast boundaries of the site are generalized as lateral recharge boundaries. The groundwater level in the site gradually decreases along the boundary from north to south. Thus, the northern boundary is designated as the lateral recharge boundary, and the southern boundary is designated as the lateral discharge boundary. The upper section of the site is affected by rainfall and evaporation and can be generalized as a boundary separating the recharge and evaporation regions. The lower section of the site has a layer of silty clay, which has low permeability and can be classified as a water barrier boundary.
A mathematical groundwater flow model is developed using the conceptual model (Equation 1) (Chen and Lin, 2011; Yi and Xu, 2009).
[image: image]
where Ω is the calculation area for groundwater; H (x, y, z, and t) is the water head elevation at any point in the area, m; H0 (x, y, z) is the initial water level, m; K is the permeability coefficient; B is the elevation of the aquifer floor, m; W is the source-sink term; µs is the water storage coefficient or water supply degree; q is the lateral supply or discharge amount; Γ2-1 is the lateral supply or discharge boundary; Γ2-2 refers to the waterproof boundary.
2.2.2.2 Numerical model construction
A numerical model of the study area was developed using the GMS software. The study area was discretized into 100 rows by 100 columns on a two-dimensional plane, with six layers vertically. This results in a total of 60,000 grid cells, of which 35,043 grid cells were considered effective grids. April 2021 is used as the initial simulation time, December 2027 is used as the end simulation time, 1 month is a stress period, the time step is 10 days, and the step growth factor is 1. The simulation results were identified and validated with water level monitoring data from April to July 2024. The hydrogeological parameters of the formation were calculated utilizing parameter inversion and estimating methods and based on a comprehensive analysis of factors such as pumping experiments, indoor tests, and hydrogeological conditions. The determined parameters are presented in Table 1.
TABLE 1 | Hydrogeological parameters.
[image: Table 1]2.2.2.3 Model recognition and validation
The period from 15 April 2022, to 27 July 2022, is selected as the validation period for the model, and the calculated values are compared to the fitted values. The error value is obtained by subtracting the observed value from the simulated value at the corresponding time, and the mean absolute value of the error is then calculated.
2.2.3 Numerical simulation and prediction of anti-floating water level
The variation in groundwater level was simulated and predicted under three different depths (3, 8, and 16 m) of foundations based on the actual construction requirements. The surface elevation of the study area ranges from 21 to 22 m. The groundwater in this area is mainly stored in silt and sand, namely, the model’s first, second, and third layers. The anti-floating water level varies depending on the aquifer in which the bottom of the foundation hole is placed. Therefore, three typical depths of 3, 8, and 16 m were selected for prediction, and the range of anti-floating water level was determined based on the groundwater level.
2.2.4 Method for determining anti-floating water level based on groundwater level and rainfall data
Soil water retention capacity significantly influences groundwater recharge patterns and fluctuations (Beck-Broichsitter et al., 2023). There are seven water-level observation holes in the site area. These observation holes are located in the fifth layer of the silt-silt aquifer, as shown in Figure 1B. The rainfall data is obtained from meteorological station data during January 2018 to December 2022. The observation holes are employed to analyze the changes in groundwater level and precipitation.
The variation law and functional relationship of observed water level with rainfall are obtained based on the site’s observed water level and rainfall data in recent years. The anti-floating fortification water level value of the site is determined by calculating the maximum historical water level value of the site, considering the highest water level, rainfall during the survey period, and the historical highest rainfall data (Hu and Chen, 2018). The anti-floating water level value of the structure can be calculated using the following formula (Equation 2):
[image: image]
where H is the value of the anti-floating water level in the site area, m; Hkmax is the highest groundwater level in the site area recorded during the survey period, m, and the maximum stable water level measured by on-site technical personnel in the site area; ΔH0 is the possible increase in groundwater level caused by unexpected replenishment, m, determined based on the site environmental and hydrogeological conditions; ΔHe is the maximum head value of the groundwater relative to the survey in this layer, m, which can be obtained based on the long-term water level and historical rainfall data of the site in recent years.
3 RESULTS AND DISCUSSIONS
3.1 Numerical model validation
In Figure 3, the point with the highest fitting error during the validation period is obs-6, with a maximum fitting error of 0.772 m and an average absolute error value of 0.577. The point with the lowest fitting error is obs-3, with a minimum fitting error value of 0.009 m and an average absolute error value of 0.322 m 85.7% of the data points have an average absolute error of water level fitting within 0.5 m, indicating a good fitting situation. This indicates that the mathematical model can simulate the aquifer, and the selection of hydrogeological parameters in the study area can effectively reflect the characteristics of the aquifer in the study area. The developed model can be used for water level simulation and prediction.
[image: Figure 3]FIGURE 3 | The curve of the water level fitting process for observation wells in the study area.
3.2 Numerical simulation and prediction of anti-floating water level
Considering that there may be differences in the sensitivity of different locations in the study area to the same parameter, 1,4,6 observation holes were selected as representatives for analysis. The water supply degree and permeability coefficient were used as parameters, and the change range was set to 10%, 20%, 30%, −10%, −20%, and −30%, and the sensitivity of the parameters was judged by the water level change range. The result of the water level change at obs-1, obs-4 and obs-6 are presented in Tables 2–5.
TABLE 2 | The result of the water level change at obs-1.
[image: Table 2]TABLE 3 | The result of the water level change at obs-4.
[image: Table 3]TABLE 4 | The result of the water level change at obs-6.
[image: Table 4]TABLE 5 | Statistical results of anti-floating water level in observation holes.
[image: Table 5]Through the response analysis of the permeability coefficient and water supply degree under different parameters, it can be seen that the influence of the model parameters on the two hydrological parameters is significantly different, and it shows obvious directional characteristics. In terms of permeability coefficient, the effect of parameter changes shows a significant asymmetry.The amplitude of water level change caused by the positive change of permeability coefficient is less than that of the negative change. In contrast, the response of the water supply to the change of parameters is relatively flat. Although it also shows the symmetrical response when the parameters change positively and negatively, the amplitude of the change is small overall.
3.3 Numerical simulation and prediction of anti-floating water level
3.3.1 16 m depth basic water level forecast
The 16 m foundation primarily rests on the first layer of the silt-powder sand soil aquifer. Hence, the water level of the first layer of the silt aquifer corresponds to the water level of the 16 m foundation. The water level in the study area during the wet season is shown in Figure 4. Assuming average annual rainfall and abundant water period, the groundwater level in the area where the foundation is located reaches a maximum of 18.9 m and a minimum of 18.1 m.
[image: Figure 4]FIGURE 4 | Contour map of groundwater level at a depth of 16 m.
3.3.2 8 m depth foundation water level forecast
The 8 m foundation is located on the third layer of the silt aquifer. Hence, the water level of the third layer of the silt aquifer corresponds to the water level of the 8 m foundation. Figure 5 displays the water level in the study area during the wet season. Under average annual rainfall and abundant water period, the groundwater level in the study area where the foundation is located is highest at 19.1 m and lowest at 18.3 m.
[image: Figure 5]FIGURE 5 | Contour map of groundwater level at a depth of 8 m.
3.3.3 3 m depth foundation water level forecast
The 3 m foundation is located on the fifth layer of the silt aquifer, so the water level of the fifth layer of the silt-silt aquifer corresponds to that of the 3 m foundation. The water level in the study area during the wet season is presented in Figure 6. The groundwater level in the area where the foundation is at its highest at 19.2 m and its lowest at 18.3 m during abundant water and average annual rainfall.
[image: Figure 6]FIGURE 6 | Contour map of groundwater level at a depth of 3 m.
3.3.4 Long-term projection uncertainty in AFWL determination
The uncertainties in the projections of the water level resistance (AFWL) are mainly due to the complex interaction of climate change, extreme rainfall events, and groundwater extraction trends. Climate change may lead to long-term declines in AFWL by changing precipitation patterns and enhancing evapotranspiration by affecting groundwater recharge efficiency, while extreme rainfall events may trigger short-term water level fluctuations, but their actual impacts depend on rainfall intensity, duration, and surface infiltration conditions. Moreover, the response of deep aquifers to extreme rainfall can be delayed by months, and there are recharge thresholds. The immediate effect of groundwater extraction is to reduce AFWL, but the study area is an airport expansion area, and there is no long-term large-scale groundwater extraction plan. In order to quantify these uncertainties, it is recommended to use probabilistic methods such as Monte Carlo simulation to generate probabilistic prediction results through multi-scenario analysis and random sampling of parameters.
3.4 Anti-floating water level based on groundwater level and rainfall data
3.4.1 Variation law of groundwater level and precipitation
Figure 7 presents the relationship between water level and rainfall data for seven observation holes. It illustrates a similarity between the trend of rainfall changes and the water level elevation in the observation hole. However, rainfall peaks in July and August, while the water level in the observation hole peaks in November and December, indicating a significant lag in the water level change compared to rainfall, because the process of infiltration of rainfall to recharge groundwater takes a while.
[image: Figure 7]FIGURE 7 | Relationship between groundwater level and rainfall in observation holes.
Temperature-driven soil moisture redistribution plays a role in groundwater recharge dynamics (Ahmad et al., 2021; Ahmad et al., 2025). When comparing the water level trends and rainfall in the observation holes, the rainfall data exhibits a relatively stable upward trend in May, June, and July. In contrast, the water level elevation shows a relatively stable upward trend in August, September, and October. A linear fitting was performed on the rainfall in May, June, and July and the observed water level in August, September, and October to investigate the relationship between the observed water level and rainfall, considering the significant lag between changes in water level and rainfall. Figure 8 shows the fitted relationship of water level elevation with monthly average rainfall, whereas Figure 9 depicts the fitted of water level changes with monthly rainfall changes, exhibiting a clear linear relationship.
[image: Figure 8]FIGURE 8 | Fitting relationship between groundwater level and rainfall in observation holes.
[image: Figure 9]FIGURE 9 | Fitting relationship between groundwater level change and rainfall change.
The linear relationship curve between the water level elevation and the monthly average rainfall in each observation hole is as follows: (1) obs-1: y = 0.0036x+14.862; (2) obs-2: y = 0.0036x+15.902; (3) obs-3: y = 0.00308x+16.642; (4) obs-4: y = 0.00442x+16.070; (5) obs-5: y = 0.00529x+16.169; (6) obs-6: y = 0.01186x+16.439; (7) obs-7: y = 0.01254x+14.871.
The linear relationship curve between the water level changes and the monthly rainfall changes in each observation hole is as follows: (1) obs-1: y = 0.00375x; (2) obs-2: y = 0.00375x; (3) obs-3: y = 0.00325x; (4) obs-4: y = 0.00456x; (5) obs-5: y = 0.00553x; (6) obs-6: y = 0.01176x; (7) obs-7: y = 0.01218x.
3.4.2 Theoretical determination of anti-floating water level
Lattice element modeling has been used effectively in simulating fluid-structure interactions in geomaterials (Rizvi et al., 2020). The highest monthly rainfall between 2018 and 2022 occurred in July 2022, reaching a peak of 316.48 mm and surpassing the monthly average rainfall by 99.67 mm. According to the linear relationship between the water level changes and the monthly rainfall changes in each observation hole, the ΔHe of each observation hole was obtained. The study area receives surface runoff primarily from the Dazhu and Yinqing Rivers. The Dazhu River remains dry all year round, while the Yinqing River is an airport drainage channel and will not increase its maximum water level. The statistical data of the anti-floating water level at each observation hole are listed in Table 2. The distribution map of the anti-floating water level in the study area is obtained using interpolation, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Distribution of anti-floating water level using theoretical analysis.
3.5 Comprehensive zoning results of anti-floating water level
A comprehensive analysis was conducted to compare the anti-floating water level, which was determined based on long-term water level and rainfall data, with the simulated maximum water level. In the western part of the study area, the measured and simulated anti-floating water levels remain consistent. However, in the southeastern part, the anti-floating water level obtained through numerical simulation is lower and does not meet the necessary safety standards. The simulated anti-floating water level is elevated and considered safe in the northeastern section. To ensure the project’s safety, the anti-floating water level is determined by considering both the anti-floating water level based on long-term water level and rainfall data and the anti-floating water level based on numerical simulation. The highest water level is taken as the anti-floating water level. A comprehensive anti-floating water level distribution map of the study area is obtained, as shown in Figure 11. The anti-floating water level gradually decreases from northeast to southwest.
[image: Figure 11]FIGURE 11 | Comprehensive distribution of anti-floating water level.
The following measures can be taken for areas with high anti-floating water levels, especially in the northeast region of the site. (1) Lowering groundwater level: By setting up drainage facilities such as drainage ditches and collection wells, the groundwater level can be lowered below the foundation pit to reduce groundwater pressure on the pit. (2) Increasing the side wall support of the foundation pit: By setting up support structures such as steel sheet piles, cement soil walls, and others, the support force of the foundation pit side wall can be increased to prevent deformation and instability of the side wall. (3) Increasing the pressure at the bottom of the foundation pit: By laying materials such as sand, gravel, bricks, and others at the bottom of the foundation pit, the pressure at the bottom of the foundation pit can be increased to reduce the pressure of groundwater on the foundation pit. (4) Using anti-floating piles: They can sometimes be installed at the bottom of the foundation pit to improve its anti-floating capacity. Due to the impacts of factors such as underground engineering excavation, atmospheric precipitation, and spring preservation policies, the excavation of underground structures has blocked the only drainage channel, altered the permeability of the original geological formation, and changed the groundwater seepage field of the underground garage of a building in the eastern part of Jinan, Shandong Province. This has led to a significant rise in the surrounding groundwater level, exceeding the designed anti-floating waterproof level, and causing damage to the underground structure. According to the on-site survey, there are multiple clearly deformed areas in the bottom slab, and it is recommended to arrange emergency drainage wells in the later stage, as well as to reinforce and repair the bottom slab (Zhang Lihong et al., 2023).
4 CONCLUSION
Combined with numerical simulation, mathematical statistics, and theoretical analysis, a comprehensive method for determining the anti-floating water level is proposed in the research. Finite element analysis has been widely applied in assessing subsurface structural stability under varying groundwater pressures (Alsabhan et al., 2021). The research results are of great significance for engineering disaster prevention and mitigation, especially for areas with complex hydrogeological conditions. The main conclusions are as follows.
(1) Based on the actual investigation of the study area, a MODFLOW numerical model is established to simulate and predict the anti-floating water level under the evolution of groundwater at three different depths of 3, 8, and 16 m. The results indicated that the anti-floating water levels range from 19.2 to 18.3 m, 19.1 to 18.3 m, and 18.9 to 18.1 m, respectively.
(2) The analysis of the changes in groundwater level and precipitation in the observation holes of the site revealed a lag and linear relationship between groundwater level and precipitation. The anti-floating water level of seven observation holes is obtained using a method based on the long-term observation water level and precipitation data, and the distribution map of the anti-floating water level in the site is interpolated.
(3) A comprehensive analysis is conducted to compare the anti-floating water level, which is determined based on long-term water level and rainfall data, with the simulated anti-floating water level. The measured and simulated anti-floating water levels remain consistent in the western part of the study area, while the anti-floating water level obtained from the numerical simulation is lower in the southeast and higher in the northeast region. Finally, the highest values among the two are taken comprehensively, and the anti-floating water level of the site is divided into zones. The anti-floating measurements are proposed.
Generally, the proposed new method in the research is influenced by refined geological structure data, the number and periodicity of groundwater monitoring wells. The finer the geological structure data, the more groundwater monitoring wells there are, the longer the water level monitoring period, and the higher the accuracy of anti-floating water level calculation.
The groundwater simulation method proposed in this study performs well in homogeneous aquifers, but its applicability may be limited in karst landforms or extreme rainfall scenarios. There are limitations to applicability in highly heterogeneous aquifers (e.g., karst landforms) or extreme climate scenarios. The complex pipeline-matrix flow interaction in karst areas may lead to an underestimation of local recharge by the model, and the nonlinear infiltration process under extreme rainfall may exceed the linear assumptions of the current model. In the future, it is necessary to combine geostatistics, multi-scale coupling methods and climate model data to improve the generalization ability and long-term prediction reliability of the model under complex conditions.
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