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Abstract

:

During tunnel construction in strongly developed karst terrain, water inrush hazards often occur due to the complex hydrogeological conditions, which require accurate prediction of water inflow. In this study, a dynamic modeling approach for water inflow prediction of karst tunnels using the conduit flow process (CFP) is developed that considers both karst duality and changing boundary conditions of the tunnel. The CFP model has a good agreement with field-observed hydraulic head after calibration, and the Nash–Sutcliffe model efficiency (NSE) for the CFP model is 97.3%. Numerical calculation of water inflow was conducted in a successive drilling scenario with permeability change of the surrounding rocks. Additionally, a modular three-dimensional finite-difference ground-water flow model (MODFLOW) has been applied to predict the water inflow, for comparison with the CFP model. The prediction results obtained from the CFP model are generally in close agreement with the field-observed results; the percentage errors were 13.3% and 5.4%, respectively. For the MODFLOW model, the percentage errors were 34.2% and 36.8%, respectively. The proposed CFP model is both closer to reality and more reasonable than the MODFLOW model in predictive analysis of water inflow into karst tunnels, reflecting the influence of karst conduits on the water inflow process.
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1. Introduction


High pressure and water-rich geological characteristics of strongly developed karst terrain can easily lead to water inrush during the construction of ultra-long and deep-buried tunnels. The occurrence of several disastrous events associated with water inrush into tunnels in China and elsewhere has been widely reported in recent years [1,2,3]. Thus, accurate prediction of water inflow into karst tunnels is an important prerequisite for ensuring the safety of tunnel construction [4,5].



Despite the difficulty of accurately predicting the water inrush during tunnel construction, a number of studies have been conducted in recent years, which mainly include empirical, analytical, experimental, numerical and stochastic methods [6]. Wang et al. developed a new type of similar material to simulate the water inrush process [7]. Zhang and Wang established a hybrid statistical learning approach to predict groundwater abundance [8]. Among them, numerical modeling has been widely used in tunnel water inflow predictions under various complicated geological conditions [9]. This method is based on groundwater hydraulics which comprehensively considers the properties of aquifers and a variety of geological information. Chiu and Chia used the modular three-dimensional finite-difference ground-water flow model (MODFLOW) to simulate the groundwater seepage field and predicted the water inflow of the tunnel using the drain package to generalize tunnel excavation; the calculated water inflow was 2.93% of the whole discharge [10]. Shi et al. employed a numerical method to simulate the water inrush process of karst tunnels under different hydraulic conditions; the relative error was 25% in predicting water inflow and the absolute error was acceptable [11]. Chen et al. utilized the storm water management model (SWMM) to simulate the flow of karst conduit and analyzed the influence of karst conduit on the water inflow of the tunnel; the lowest relative error in prediction results was 16% [12]. Wang et al. carried out a numerical simulation on the dynamic change of the karst conduit-type water inflow process and water inflow volume, and verified the results of the numerical simulation by experimental observation [13]. However, due to the excessive simplification of the geological prototype and the neglect of the complex hydraulic properties of the karst aquifer, the prediction results of the numerical simulation of the water inflow into karst tunnels still had a large deviation from the observed values. Establishing a karst groundwater model in the study area where the tunnel is located and correctly describing its structural characteristics and water flow behavior are important prerequisites for predicting water inflow into karst tunnels [14,15].



Goldscheider et al. were the first researchers to point out that karst aquifers have distinct duality [16]. Kovács et al. divided the karst aquifer into the karst matrix and the karst conduit, and the coupling model of karst groundwater continuous conduit flow was proposed [17]. This model combined the equivalent continuum model and discrete fracture model, and took the permeability of water into account. The discrete method was employed to simulate the conduit flow with fast velocity, while the continuum method was applied to simulate the matrix flow with slow velocity, and an inherent hydraulic connection was established between them. Using the above-mentioned model, Shoemaker et al. developed the conduit flow process (CFP) model, which combined the porous media and the network of discrete conduits to simulate steady and unsteady hydrodynamic processes in karst aquifers, coupled with Darcy flow and non-Darcy flow [18]. The CFP model has been applied to several simulation studies of karst groundwater and has been verified in practice [19]. However, to the best of our knowledge, there are few reports regarding the use of the CFP model to study the prediction of water inflow into karst tunnels.



Additionally, in reality, tunnels are drilled progressively rather than instantly, and only a few studies have explicitly stated that tunnel excavation is a dynamic process with boundary conditions constantly changing. Xia et al. simulated a dynamic tunnel excavation process by altering the tunnel boundary value, leading to a more accurate prediction of the water discharge rate [20]. It is crucial for numerical modeling to take into account changes in the tunnel face location and surrounding rock permeability; however few studies about water inflow prediction into karst tunnels have considered this before, to the best of our knowledge.



Based on the above analysis, the objective of this paper is to present a dynamic modeling approach for water inflow prediction during karst tunnel construction. For this purpose, the CFP model was employed to establish the karst groundwater seepage field, and a successive drilling scenario was developed to predict the water inflow. To verify its feasibility, the CFP model as well as the MODFLOW model were applied to the Wulingshan tunnel on the QZX railway.




2. Overview of the Study Area


The study area, in Dongxi Township, Cili County, Yongding District, Zhangjiajie City, Hunan Province, belongs to the Lishui River and Yuanjiang River basins (Figure 1). It is located in the transition region of the intensively developed and moderately developed karst areas in South China, with the strong development being in the north and the weak development in the south. In this area, the morphology of the ground surface karst is varied; karst peak-cluster, karst depressions, sinkholes and caves are widely distributed, and the landform is strongly undulating with elevations ranging from 300 to 970 m above sea level. The lithology of the stratum is dominated by limestone and dolomite. A large number of karst springs and underground rivers have developed in this area; the flow rate is generally between 5.79 L/s and 34.7 L/s, with a characteristic of steep rise and fall as a result of the precipitation intensity. According to research data and field investigations there are three main conduit flows in this area: ZSX conduit flow, SHD1 conduit flow, and SHD2 conduit flow. The flow rate of the ZSX conduit was monitored and its recession curve was analyzed. In a complete precipitation response process, the flow recession curve of the ZSX conduit flow is divided into two obvious parts (Figure 2a). The recession coefficient of the first curve is α = 0.376 d−1, which represents the rapid discharge of large conduits or karst caves with good connectivity, large flow, fast recession, and short duration; the decay coefficient of the second segment of the curve is α = 0.043 d−1, which represents the discharge of extensional fissures, fault fissures, and dissolved fissures with certain connectivity. In this case, the flow decay/decline speed is slow, and the duration is long. The integration calculation of each section of the decay curve can estimate the amount of water discharged for each subdomain. The calculation results showed that the discharge of karst conduits or caves accounts for 24.1% of the total discharge, and the discharge of general karst fissures, structural fissures, and pores accounts for 75.9% of the total discharge. It also suggested that the main storage spaces of karst groundwater in the ZSX basin are dissolution fissures, pores, and small karst conduits, and the large karst conduits are mostly water-conducting channels. The karst medium of the study area has apparent duality.



The mileage of the Wulingshan Tunnel is DK234+506-DK243+535, with a total length of 9029 m (Figure 2b). Limestone is the main water-bearing rock group in the survey area, with a high degree of karst terrain and water abundance. The tunnel was divided into four sections for construction, all of which were bi-directional excavations, and the groundwater inflow was measured daily. The specific excavation plan is shown in Table 1. Among them, Section 2 is located in the ZSX River basin, where the ZSX conduit is developed and Section 3 is located in the Yuanshui River basin, where the SHD1 and SHD2 conduits are developed. These two sections are located close to the conduit, and Section 3 intersects the SHD1 conduit. During construction, the risk of a water inrush hazard was extremely high due to the poor overall stability of the surrounding rock of the tunnel.




3. Modeling Approach


3.1. CFP Model


Based on the karst duality theory, the CFP model generalizes the karst aquifer into a karst matrix and a karst conduit. It also simulates the movement of steady and unsteady water flows in the two media and considers the water flow exchange between the different media (Figure 3). The water flow in the karst matrix is Darcy flow which is governed by Equation (1) as follows:
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(1)




where  K  is hydraulic conductivity in x, y, and z direction [LT−1],    h m    is the head in the karst matrix cell [L],  W  is the volumetric flux per unit volume [T−1],    S s    is the specific storage [L−1], and  t  is time [T]. The conduit is composed of nodes and cylindrical conduits. The flow state in the conduit is divided into laminar and turbulent flow. The laminar flow state is described by the Hagen–Poiseuille Equation (2), and the turbulent flow state is depicted by the Darcy–Weisbach Equation (3). The switch between laminar flow and turbulent flow is judged by the Reynolds number, and the linear Equation (4) calculates the amount of water exchange between the karst conduit and the karst matrix.
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   Q  e x   =  α  e x   (  h c  −  h m  )  



(4)




where  Q  is the volumetric flow rate [L3T−1],  d  is the diameter of the conduit [L],  g  is the acceleration of gravity [LT−2],   Δ  h c    is the head loss of the conduit [L],  ν  is the kinematic viscosity of water [L2T−1],  τ  is the tortuosity of the conduit,   Δ l   is the length of the conduit [L],  v  is the mean water flow velocity [LT−1], and    k c    is the mean roughness height of the conduit [L].



   Q  e x     indicates the water exchange volume [L3T−1] between the conduit and the matrix,    α  e x     is the water flow exchange coefficient [L2T−1],    h c    represents the water head in the conduit, and    h m    denotes the matrix water head. A negative value for    Q  e x     means that the water flows from the matrix to the conduit, and a positive value for    Q  e x     means that the water flows from the conduit to the matrix.




3.2. Boundary Conditions


The model boundaries were defined by the groundwater divide and permanent rivers. Figure 4 shows the generalized diagram of the model boundary. Water flow maintained in the permanent rivers even during the excavation, thus, the Jinzhou River is the constant head boundary on the west side of the study area and the Jinzhu River is the constant head boundary on the southwest side. The east and west regions are divided into the Yuanshui and Lishui basins, and the groundwater divide is considered as a no-flow boundary of the model. On the east side of the model, the Dongxi River and Kongxian River form the constant head boundary; on the south side, there is a large karst depression called Xiangtiankeng with an average depth of 300 m, where the karst groundwater within the Yuanshui basin converges and discharges eastward along the box valley. Thus, this side was set as a no-flow boundary. Based on the boundary conditions, the site model of the study area was established, with a length of 11,800 m and a width of 5600 m.




3.3. Aquifer Hydraulic Properties


According to the vertical zoning of the karst hydrodynamics in the area, the model was divided into three layers vertically. The first layer is a vertical seepage zone with an average layer thickness of 200 m. The bottom elevation of the first layer was set to 700 m, with the remaining part divided into the second layer and the third layer with the water table measuring 410 m during the dry season of the area, and the bottom elevation of the model is 300 m according to the erosion base level from field investigations. Based on the geological surveying data, comprehensive lithology, and karst development, the aquifer medium in the study area was divided into nine partitions (Figure 5); numbers 1–9 were the code for identifying areas with different hydraulic conductivities. The initial hydraulic conductivity of each partition was determined based on the pumping test and empirical values.




3.4. Conduit Parameter


There are chiefly three karst conduits in the study area, namely the ZSX conduit, the SHD1 conduit, and the SHD2 conduit. The conduit parameters involved in the CFP model are: conduit elevation, tortuosity, conduit wall roughness coefficient, conduit diameter, and the water flow exchange coefficient between the conduit and the karst matrix. Figure 6 shows that the elevations of all conduits are interpolated according to their inlet and outlet elevations, and the tortuosity of the conduit is calculated using ArcGIS 10.2 (ESRI). The diameter of the conduit is computed from the field flow monitoring, and the roughness coefficient of the conduit wall is taken from the empirical value in the strongly developed karst area [21].



The water flow exchange coefficient is the key parameter of the CFP model. Chen et al. utilized the calculation results of the Darcy–Stokes equation of seepage and free-flow coupling to calibrate the flow equation of the CFP model [22]. The suggested value of 25 m2·d−1 identified in their study was taken as the exchange coefficient of the three conduits. The average annual water temperature of 16 °C was set as the water temperature of the model, and the Reynolds number was set as the reference value of large-scale simulation [18]. The values of the conduit parameters are shown in Table 2.




3.5. Model Representation


The surface elevation of the model was derived from a topographic raster map. The total area of the model domain is approximately 66.08 km2 and the finite difference grid was divided into 236 columns and 112 rows with a computational cell size of 50 m × 50 m. The study area has abundant rainfall, with an average annual precipitation of 1734 mm and an annual average evaporation of 1286 mm during the hydrometeorological monitoring period. From April to September of every year is considered the wet season, while the dry season can last from October to March of the following year. Because there is no concentrated irrigation recharge and groundwater exploitation in the area, groundwater discharge is controlled by the Jinzhu River, Dongxi River, Toudaogou River, and Kongxian River. The only recharge of groundwater in the area is from precipitation, including two recharge ways of diffuse recharge to the matrix, and concentrated recharge to the conduit. The amount of diffuse recharge can be calculated by the rainfall infiltration coefficient, and the rainfall infiltration coefficient in karst areas is related to the surface morphology and rainfall characteristics [23]. Based on the distribution of karst depressions in the study area, four infiltration zones were determined, whose rainfall, underground river, and spring discharge were monitored. The infiltration coefficient of each zone was calculated according to the water balance principle (Figure 7).



The concentrated recharge implies that the runoff enters the doline or the karst sinkhole under the condition of storm rainfall, and directly recharges the karst conduit. Borghi mentioned that the components of concentrated recharge cannot be ignored in the simulation of karst groundwater flow, and there is a certain proportional relationship between concentrated recharge and precipitation intensity [24]. By monitoring the precipitation in the study area and the recharge amount of each conduit in the dolines and outlets, the proportion of concentrated recharge under different precipitation conditions was determined (Table 3).



The groundwater seepage field was set up for a 10-year simulation period, which was divided equally into 20 modeling periods, according to the wet and dry seasons. Each modeling period was further divided into six time steps with a month-long simulating time under steady flow. Considering that there is a significant linear relationship between groundwater level and surface elevation [25], regression analysis was conducted between the groundwater level and the corresponding surface elevation of the boreholes. The results are shown in Figure 8; the correlation coefficient of R2 was up to 0.94, and the linear regression equation was as follows:


  h = 0.9348 E + 3.3614  



(5)




where E stands for the surface elevation and h denotes the initial groundwater level. Equation (5) was used to set the initial groundwater level of all cells in the model.




3.6. Dynamic Excavation


In this study, the drain package (DRN) was utilized to generalize the water inflow during and after tunnel excavation, which involved two parameters: the drainage elevation and the drainage coefficient. The drainage elevation is the elevation of the tunnel axis, and the drainage coefficient is determined by the permeability of the surrounding rock. Tunnel excavation is a dynamic process. As the tunnel face moves forward, the boundary conditions of the tunnel subsequently change. However, existing research does not fully consider the tunnel excavation process and permeability change of the surrounding rock. Therefore, this study developed a dynamic modeling approach based on the tunnel excavation scheme. Before the tunnel is excavated to a certain cell, the cell is considered to be an ordinary active cell. Once excavated, the cell is immediately set as the DRN cell, and the drainage coefficient is the permeability coefficient of the cell (Figure 9).



At the same time, the disturbance of the surrounding rock caused by the tunnel excavation is considered. That is, the equivalent permeability of the surrounding rock within the range of 0.5–1 times the diameter of the tunnel will be reduced to between 1/5 and 1/10 of the initial state after the tunnel is excavated [26]. The equivalent radius of the tunnel is 6.9 m, and the average speed of tunnel excavation is 2.5 m/d, thus, the width of tunnel is set to 25 m considering the disturbed surrounding rock, and the drainage coefficient becomes 1/10 of the original, after a 10-day excavation period. The tunnel unit is refined to a 25 m × 25 m × 25 m cubic cell, where each cell represents the completion of one excavation, and the tunnel lining installation is conducted every 70 m of the excavation. Consequently, the drainage coefficient of the DRN cell becomes 8.64 × 10−3 m/d on the 18th day after one excavation [27].



The tunnel units were set in columns 30 to 391 of the model, involving 362 cells in total. The average tunnel elevation was 420 m, and a layer the thickness of 25 m was vertically subdivided in the model, with the tunnel as the fourth layer of the model. We employed ModelMuse [28], developed by USGS, as the visual processing tool of the model, and then we compiled the parameters of the DRN cells using ArcGIS 10.2 (ESRI) and imported them into the dataset of ModelMuse to assign the correlated cells. According to the proposed dynamic modeling approach and tunnel excavation plan, each modeling time step had a 10-day time simulation with an unsteady state flow.





4. Results and Discussion


4.1. Model Calibration


The hydrogeological parameters in the groundwater numerical model are uncertain, thus, it is necessary to check the parameters of the modeling to obtain reasonable numerical simulation results. In this study, the parameters were calibrated automatically using the UCODE program [29]. The data were taken from the monthly monitored water level of boreholes in the area, including a total of 58 parameters such as conduit diameter, roughness coefficient of the conduit wall, conduit tortuosity, water flow exchange coefficient, and hydraulic conductivities of the model. Although there are many parameters, not all of them have a significant impact on the simulation results. Therefore, a sensitivity analysis should be performed for all parameters to find out the most sensitive and important parameters for model calibration.



Figure 10 exhibits the calculation results of a comprehensive sensitivity analysis for parameters with high sensitivity. The conduit diameter had the greatest influence on the simulation results, followed by the conduit tortuosity. The comprehensive scaling sensitivity of the flow exchange coefficient and the conduit wall roughness were 0.1 and 0.045, respectively, which had little influence on the model compared with other parameters. The range of comprehensive scaling in the sensitivity analyses of all parameters was 0.001897 to 103.7189. Hill et al. reported that when the sensitivity of a parameter is smaller than 0.01 of the maximum sensitivity, this parameter can be ignored in the process of model calibration [30]. Therefore, the parameters with a sensitivity of less than 1.037 were not corrected. Furthermore, the calibration of the model should follow the principle of not changing the objective properties of hydrogeological elements. Considering that the conduit properties such as conduit diameter were obtained from the actual survey, we only corrected the hydraulic conductivities; once there is more than an order of magnitude difference between the calibrated hydraulic conductivity and that of the pumping test, the value should be re-corrected. The parameter results are shown in Table 4.
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Equations (6) and (7) are the calculation formulas for the Nash–Sutcliffe efficiency (NSE) and coefficient of determination (R2), respectively, which are employed to assess the goodness of fit of the model [31]. In the above equations,    h s t    is the simulated value of hydraulic head at the time of  t ,    h o t    is the observed value of hydraulic head at the time of  t ,      h o   ¯    is the mean value of observed hydraulic heads,      h s   ¯    is the mean value of simulated hydraulic heads, and T is the final simulation time. The R2 ranges between 0 and 1, where one means that the simulated value is equal to the observed value and zero means that there is no correlation between the simulated and observed values.



As shown in the 1:1 line fitting diagram (Figure 11a), the calibration results showed good model performance when the value of R2 was 0.991 and the corresponding NSE was 97.3%, respectively. Figure 11b displays the hydraulic head distribution of the study area before tunnel excavation, which served as the initial groundwater seepage field for water inflow prediction.




4.2. Water Inflow Prediction


The water inflow of the tunnel was calculated using the computer program ZONEBUDGET [32]. After activating the ZONEBUDGET option of the cells above and cells on both sides of the tunnel, the water budget calculation in all DRN cells served as the water inflow prediction results. For comparison, the groundwater seepage field of the study area was established to predict the water inflow with the same hydraulic properties and successive excavation scenario, using a MODFLOW model without the karst conduits.



Section 2 is located in the ZSX River basin, where the ZSX conduit flow is developed. The value of mean absolute error was 2932.62 m3·d−1 according to the CFP model prediction, and the MODFLOW model prediction had a greater mean absolute error value of 3984.88 m3·d−1. The water inflow curve in Section 2 has obvious rise and decay trends. During the wet season, the water in the matrix will be recharged by the karst conduit with the increase of conduit flow, and the matrix cells of the model will additionally be recharged [33,34]. Figure 12a shows that the prediction results of the MODFLOW model are smaller than the measured data because it only has matrix cells, while the CFP model prediction results are closer to the actual water inflow. In the dry season, karst conduits will “snatch” the water volume of the matrix due to the reduction of precipitation recharge, resulting in an additional drop of water volume from the matrix cell. Since there is no conduit cell in the MODFLOW model, the prediction results were too large to meet good agreement with the measured water inflow, even though it could reflect its downward trend, while the prediction results of the CFP model were closer to the observed value. The peak value of water inflow in this section was up to 15,897.14 m3·d−1, and the corresponding value of the CFP model prediction was 13782.35 m3·d−1, indicating a percentage error of 13.3%. The prediction value of the MODFLOW model was 10453.827 m3·d−1 with a percentage error of 34.2%. Thus, the statistical results demonstrated that the predicted value of the CFP model was closer to the actual water inflow, reflecting the characteristics of the water inflow time series.



Section 3 is located in the Yuanshui River basin, where SHD1 and SHD2 conduit flows are developed. The value of mean absolute error was 2325.66 m3·d−1 according to the CFP model prediction, with a larger value of 3162.99 m3·d−1 by the MODFLOW model (Figure 12b). The tunnel path intersects the SHD1 conduit at DK241+012, 103 m above the tunnel. When the tunnel was excavated to this position, the peak field value of the water inflow was up to 10,492.00 m3·d−1 in the entire section. The corresponding CFP model predicted value was 9921.97 m3·d−1 with a percentage error of 5.4%, while the prediction result by the MODFLOW model was 6634.56 m3·d−1 with a percentage error of 36.8%. When the tunnel was excavated underneath the karst conduit, the water inflow increased sharply. The conduit cell of the CFP model provided water volume to the matrix cell as an additional recharge and described the dynamic and sharp increase of water inflow in this section more accurately. Since there are no conduit cells in the MODFLOW model and the excavation time is at the end of the tunnel construction, the matrix cells within the tunnel area tend to be dry. The characteristics of “sudden rise and fall” of water inrush into the tunnel cannot be described by the MODFLOW model, thus, the prediction results were in poor agreement with the observed values.



Through the analysis of the prediction results of these two sections, the CFP model based on karst duality was able to reflect the influence of conduit flow on the water inflow into the karst tunnel. However, the MODFLOW model only has matrix elements. When the MODFLOW model was used to predict the water inflow into the tunnel, the influence of karst characteristics such as conduit flow on water inflow were ignored. Therefore, there are great advantages to utilizing the CFP model to predict the water inflow of karst tunnels in areas with highly developed karst features and strong karst duality.





5. Conclusions


This paper established a dynamic modeling approach based on the CFP model to predict the water inflow into the Wulingshan tunnel during excavation. The main conclusions of this paper are summarized as follows:



According to the duality of the karst terrain in the study area, a CFP model was employed to establish the groundwater seepage field. After the sensitivity analysis and calibration, the calibrated CFP model showed good performance with R2 = 0.991 and an NSE of 97.3%, which indicated that the CFP model successfully simulated the characteristics of karst groundwater flow.



We developed a dynamic drilling approach considering the permeability changes of the surrounding rock during the excavating process for predicting the water inflow into the Wulingshan tunnel. Prediction results of the CFP model displayed percentage errors of 13.3% and 5.4% of the maximum water inflow rate in Section 2 and Section 3, respectively. Compared with the MODFLOW model, the CFP model had better accuracy, indicating that it could show the influence of karst conduits on water inflow into the karst tunnel.



This study considered the influence of the duality of karst groundwater and the dynamic characteristics of tunnel excavation, which show better performance in the prediction of water inflow into karst tunnels with strong dual characteristics. The multi-field coupling mechanism in the CFP model will be considered and deepened in the next relevant study.
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Figure 1. Location of the study area. 
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Figure 2. Hydrogeology of the study area: (a) recession curve of ZSX conduit flow; (b) lithology and hydrogeology of the tunnel area. 
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Figure 3. Schematic diagram of the CFP model. 
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Figure 4. Boundary conditions of the study area. 
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Figure 5. Partition map of hydraulic conductivity. 
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Figure 6. Conduits in the CFP model. 
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Figure 7. Partition map of infiltration coefficient. 
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Figure 8. Linear regression analysis. 
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Figure 9. Concept plot of the dynamic excavation model. 
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Figure 10. Composite scaled sensitivity. 
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Figure 11. Calibrated CFP model: (a) comparison of simulated and observed hydraulic heads; (b) calibrated groundwater seepage field of the study area. 
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Figure 12. Water inflow prediction results: (a) Section 2; (b) Section 3. 
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Table 1. Excavation plan of the Wulingshan tunnel.
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	Tunnel Section
	Mileage
	Section Length (m)
	Excavation Days (d)





	1
	DK234+506-DK237+400
	2894
	580



	2
	DK237+400-DK240+060
	2660
	540



	3
	DK240+060-DK241+848
	1788
	360



	4
	DK241+848-DK243+535
	1687
	341
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Table 2. Conduit parameters of the CFP model.
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	Parameters
	ZSX Conduit
	SHD1 Conduit
	SHD2 Conduit
	Unit
	Explanation





	DIAMETER
	1.5
	1.0
	1.0
	(m)
	Conduit diameter



	TORTUOSITY
	1.1
	1.1
	1.1
	-
	Conduit tortuosity



	RHEIGHT
	0.0001
	0.0001
	0.0001
	(m)
	Conduit wall roughness



	LCRITREY
	2000
	2000
	2000
	-
	Reynolds number



	TCRITREY
	4000
	4000
	4000
	-
	Reynolds number



	K_EXCHANGE
	25
	25
	25
	(m2·d−1)
	Exchange coefficient
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Table 3. Proportion of concentrated recharge for conduits.
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Precipitation (mm)

	
Duration (h)

	
Maximum Intensity (mm·h−1)

	
Average Intensity (mm·h−1)

	
Proportion of Concentrated Recharge




	
ZSX Conduit

	
SHD1 Conduit

	
SHD2 Conduit






	
114.2

	
42

	
21.6

	
2.719

	
0.571

	
0.536

	
0.554




	
64.4

	
36

	
10.8

	
1.79

	
0.440

	
0.422

	
0.432




	
64

	
63

	
12.6

	
1.02

	
0.128

	
0.137

	
0.184




	
355.2

	
142

	
23.2

	
2.501

	
0.518

	
0.476

	
0.503




	
216.8

	
58

	
13.2

	
3.576

	
0.677

	
0.636

	
0.652




	
34.8

	
16

	
15.6

	
2.175

	
0.473

	
0.442

	
0.492
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Table 4. Calibration results of hydraulic conductivities.
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	Hydraulic Conductivity
	Initial Value (m·d−1)
	Calibrated Value (m·d−1)





	HK_Zbd2
	0.4
	0.667



	HK_Zbd1
	0.13
	0.125



	HK_Zan2
	0.1
	0.413



	HK_O42
	0.2
	0.137



	HK_O21
	0.3
	0.3



	HK_Zan1
	0.4
	0.16



	HK_O22
	0.3
	0.37



	VK_Zan2
	0.01
	0.011



	HK_O41
	0.1
	0.177



	HK_Cam1
	0.3
	0.284



	VK_Pt2
	0.01
	0.011



	HK_Pt2
	0.1
	0.457



	HK_Pt1
	0.25
	0.5



	HK_O32
	0.4
	0.403



	HK_O12
	0.1
	0.15



	HK_OS2
	0.4
	0.2



	HK_Cam2
	0.2
	0.25



	VK_Zbd2
	0.04
	0.04



	HK_O31
	0.2
	0.2



	HK_O11
	0.1
	0.141



	VK_O22
	0.01
	0.037



	HK_OS1
	0.2
	0.21



	VK_OS2
	0.04
	0.093



	VK_O42
	0.02
	0.02



	VK_Zbd1
	0.16
	0.63



	VK_O12
	0.01
	0.015



	HK_Zan3
	0.01
	0.01



	VK_Cam2
	0.04
	0.025



	VK_O32
	0.04
	0.04
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