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Abstract

:

Hydrological tracer testing is an effective way to determine the law of recharge and the transport of groundwater. In karst collapse mine water treatment, the hydrological tracing test can determine information such as the runoff velocity and the pattern of underground runoff, so that targeted grouting becomes possible. In this paper, NaCl was used as a tracer, and the content of the tracer was determined by the chloride ion selective electrode method. The NaCl concentration–time curve was plotted, and we obtained a tracer test method that can determine the runoff of the karst quantificationally. The method can quantificationally obtain the groundwater transport velocity, runoff pattern, and connectivity. This combination of grouting rate, grouting pressure, and setting time realized the localized targeted grouting and achieved a significant water damage control effect.
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1. Introduction


The problem of water inrush is one of the most serious and typical geological disasters [1]. Historical data show that more than 50% of water inrush problems occur in karst development areas [2]. Especially in the southwestern part of China, unfavorable karst geological development is extensive, and the problem of inrush water has brought many geological disasters, causing huge economic losses to the country and its people [3,4,5,6,7,8].



In karst areas, the hydrological tracer test has become an effective means to ascertain the groundwater force connection, determine the mainstream guidance of groundwater, and calculate the groundwater flow velocity [9,10,11,12,13]. In the hydrological tracer test, changes in the tracer quantity in underground migration are determined by means of conductivity or titration, and then the underground runoff is determined. However, there are many problems. The electrical conductivity is greatly affected by the ambient temperature, and the nodes of chemical titration are not easy to grasp [14]. Therefore, the selection of a suitable tracer method is very important for determining the hydraulic relationship of underground runoff.



Many scholars have studied the sensitivity of aquifer-based aquifer systems [15,16,17,18,19,20,21]. Lu et al. [22] studied the parameters of a karst aquifer through a hydrological tracer test based on the conductivity effect of NaCl. Yin [23] used CaCl2 and NaCl as tracers to show a water-filled deposit. The tracer test reveals how to select a tracer in order to obtain reliable and stable data. Wang [24] used an automatic conductivity measuring instrument to conduct salt testing in the Babao Reservoir in Yunnan, and compared the difference between the conductivity method and the chemical titration method. Hydrological tracer tests have been widely used to analyze the relationship between different hydrogeological units, the groundwater movement law of karst systems, underground river excretion, and so on [25,26,27,28]. However, there are few related discussions on identifying the groundwater connection type of karst sag mines by using hydrological tracer testing, and applying it to engineering disaster management. In this paper, the chloride ion selective electrode method is introduced, and a quantitative description method of the pipeline fracture groundwater force connection is established and applied to mine water inrush treatment. The method has the advantages of inferring the connectivity of the groundwater flow; clarifying the connection type of the groundwater; optimizing the grouting material, velocity, and pressure according to different connection types; and solving the relationship between the slurry viscosity and diffusion distance. The method realizes the efficient treatment of gushing water in karst depression mines.




2. A Targeted Grouting and Water Blocking Method for Depressed Mines Based on a Hydrological Tracer


At present, although physical detection technology has made great progress, it is only possible to determine the approximate area of the water passage. The drilling often connects with the main pipeline through a crack, and the key to determining whether the water passage can be blocked or not is that the grout enters the water passage pipeline smoothly and has certain anti-erosion ability. This puts higher demands on the choice of grouting materials. If the setting time of the grouting material is too short, the crack is easily blocked. If the setting time of the material is too long, the grouting material does not reach the condensed state when the crack enters the pipeline, which is not conducive to the retention of the grout. Therefore, the hydrological tracer test is used to analyze the relationship between the crack and the water passage, which is of guiding significance for the grouting material. The basic parameter of the tracer test is the groundwater flow velocity, and the groundwater flow state can be judged based on the rising point and the peak of the curve of the concentration time at the recovery point. It is generally assumed that the initial flow rate of the trace element is the maximum flow velocity, vmax, and the flow velocity at the peak occurrence is the average flow velocity, vave. Combined with the wave number and recovery rate of the tracer, the groundwater flow velocity can be qualitatively analyzed so as to analyze the relationship between the fracture and the pipeline. Finally, an anti-scouring grouting material suitable for different water flow speeds and different setting times can be selected to realize the targeted control of the karst water inrush. In addition, the ratio of the injection point to the recovery point can determine the proportion of the connected fracture (effective fracture), which has a certain guiding significance for single-hole grouting.



2.1. Determining the Chloride Ion Selective Electrode Parameters


In this test, the chloride ion selective electrode method was used to determine the content of chloride ions in the slurry. The principle is that different chloride ion concentrations correspond to different potentials. After the calibration of the sodium chloride standard solution, a linear correlation line, the calibration line, was obtained. The direction was determined by the difference in the chloride ion concentration corresponding to the potential difference.



The chloride ion selective electrode used in this experiment has a measurement range of 10−1–5 × 10−5 mol/L, and the reference electrode was a K2SO4 electrode (K2SO4 saturated solution). The electrode was calibrated using a standard solution to obtain a fitting curve of “E-lgCcl” (Figure 1), y = −62.86x − 400.86, and the sample obtained at the water outlet point was filtered and the corresponding potential value was measured so as to determine the concentration value of NaCl.




2.2. Identifying the Groundwater Connection Type


Under the influence of the groundwater flow, the distribution of solute in an underground pipeline is similar to an elongated elliptical shape; the concentration in the center of the tracer dispersion range is the highest and gradually decreases. In a networked karst structure, the groundwater is dispersed and multi-turbulent, making it a rapidly dispersing flow field that does not conform to the basic assumption of Darcy’s law. The fluid dynamic dispersion equation does not depend on Darcy’s law, so it is feasible to establish a mathematical model. It is assumed that at t = 0, the tracer with mass M is instantaneously injected at the origin of the infinite karst water dispersion flow field, and the diffusion law satisfies the following solution problem [11]:


∂c∂t=DL∂2c∂y2+DT∂2c∂y2−v∂c∂x



(1)






|x|>0,|y|>0,t>0



(2)






∬−∞+∞nc(x,y,t)dxdy=M,t≥0



(3)






lim(x,y,t)=0,t>0



(4)






|xy|→|∞∞|.



(5)







Its solution is as follows:


c(x,y,t)=14πDTtM/n4πDLtexp[−(x−vt)24DLt−y24DTt].



(6)







In Equations (1)–(6), c is the concentration of the solute, x and y are the dimensional coordinates, M is the solute mass, v is the solute diffusion rate, t is the solute diffusion time, and D is the diffusion coefficient.



In the karst pipeline-fracture gushing water, the injection point is parallel to the pipeline, with n strips of water. As shown in Figure 2, the tracer enters the gap and then flows from the connected gap to the downstream pipeline. The tracer obtained is a superposition of the output values of the respective gap flows, and a plurality of peaks appear in the trace curve.



In this paper, under the conditions of tracing in a fast-distributing flow to a confluence flow field, and the amount of water in the sampling site being mainly confluent with the solution gap in the dye belt, a parallel flow field tracer mathematical model was derived, as shown in Equation (7). According to this model, the theoretical curve was drawn, as shown in Figure 3.


c=1Q04πDTt14πDLt∑i=1nmiexp(−(xi−vit)24DLt−yi24DTt)



(7)




where xi, yi, mi, and vi are the length, width, incoming tracer mass, and average flow velocity of the ith solution flow, respectively; D is the diffusion coefficient; t is time; and Q0 is the amount of water.



Through the tracer test, the curve of the NaCl concentration with time can be visually reflected, and parameters such as the maximum water flow velocity, average water flow velocity, and the relationship between the dosage point and the recovery point can be obtained as follows:


vmax≥st1



(8)






vave≥stp



(9)




where vmax is the maximum water velocity of the underground runoff, vave is the average velocity of the underground runoff, s is the connected distance, t1 is the shortest time found by the tracer, and tp is the peak time of the tracer.



The solute mass, m1, collected by the image calculation was compared with the initial solute mass, m0, and the proportion of the water content in the solute diffusion region to the water content of the recovery point was analyzed. The principle can be written as follows:


m1=Q∫t1t2c(t)dt



(10)






k=m1m0



(11)




where m0 is the initial solute mass, m1 is the mass of solute collected at the recovery point, Q is the outlet point flow rate, c(t) is the time-dependent function of the NaCl concentration, and k is the mass ratio.



It can be seen from the above that through the shape of the concentration curve of the reagent, the number of cracks in the underground runoff and the number of pipes can be obtained. The time of the inflection point and the connection speed can be used to estimate the connection between the crack and the main pipe. Through the quality of the solute recovery, the underground runoff can be clarified. According to the contribution rate of the water inflow point, the groundwater connection form can be analyzed.




2.3. The Targeted Grouting Method


The targeted grouting method is based on the parameters and curve form obtained by the hydrological tracer test, determining the form of underground runoff, the maximum runoff velocity, average runoff velocity, and the close relationship between the dosing point and the water point. The grouting material and grouting rate are selected by identifying the connection form of the underground runoff. If it is judged to be a pipeline connection, a quick-setting and fast-hardening grouting material and high-speed grouting are selected. If it is judged to be a crack-pipeline connection, a polymer-cement grouting material with an adjustable setting time is selected. It should be controlled to enter the crack without initial coagulation, and flow out of the crack with initial coagulation. The grouting rate can be adjusted according to the grouting pressure. If it is judged to be the crack-type, single cement slurry grouting can be used first. The water–cement ratio can be regulated by the grouting pressure. According to the maximum runoff velocity, the grouting material can be designed to ensure the maximum retention rate at this flow rate. According to the close relationship between the injection point and the water point, the grouting volume can be predicted so as to avoid unrestricted grouting and waste of grout. The technology roadmap of the targeted grouting is shown in Figure 4.



2.3.1. Grouting Material Optimization


At present, grouting materials mainly include Portland cement slurry, special cement slurry, cement–water glass slurry, modified cement–water glass slurry, chemical grouting materials, and so on. These grouting materials have their own characteristics, and in recent years, great progress has been made with grouting materials, but the common cement slurry and cement-based double-liquid slurry still occupy a relatively large proportion of the grouting materials. When selecting the grouting material for dynamic water grouting, the setting time of the grouting material and the viscosity of the grouting material must be considered.



In Table 1, the initial and final setting times of commonly used grouting materials are listed. In the treatment of the karst depression-type mine water inrush, the appropriate grouting material is selected from the groundwater flow velocity and runoff type, with injecting at the appropriate time and path being an effective means of preventing water washout.



According to the results of the connection test method proposed in Section 2.2, if the groundwater connection type is determined to be a fracture type, because of the small size range of the fissures, especially in karst areas, the limestone strength is high, and under certain grouting pressure, the grouts diffusion distance is difficult to meet the design requirements. Therefore, in order to ensure the grouting effect, it is necessary to select grouting materials with a long initial setting time, good fluidity, and small particle size. The cement single slurry is preferred. If the fissure is too small, the superfine cement slurry with a retarder can be used.



If it is determined to be a fracture-pipe type, the length and width of the connecting fracture determine the grouting material selected. In general, the width of the fracture is smaller and the flow velocity is smaller. Therefore, for this type of connection, the grouting material is not initially solidified when entering the fracture, and reaches the initial solidification state when flowing out of the fracture. Because the length of the fracture is difficult to judge, therefore, for the grouting material, its viscosity should reach a certain value, and the viscosity state should remain stable for a certain period of time. Under this condition, the grouts can flow to the main pipe under low pressure, and with the help of various admixtures, the slurry also has a certain anti-scouring ability. Therefore, the grouting material with an adjustable setting time, strong injectability after initial setting, and strong dynamic water scouring resistance should be selected, and the grouting material mix proportion should be adjusted according to the grouting pressure and grouting running condition.



If it is determined to be a pipeline type, because the pipeline is larger and the flow speed is generally larger, the grouting fluid should reach the initial setting state in the borehole, the grouting material should quickly condense, and should reach a certain strength value in a short period of time so as to prevent the scouring of dynamic water. Therefore, cement–sodium silicate slurry is the preferred grouting material, with a short initial setting time and short initial and final setting interval.




2.3.2. Determining the Grouting Rate


The grouting rate mainly depends on the setting time of the grouting material, the length of the grouting pipe, the drilling depth, and the connectivity of the underground runoff. The grouting borehole reveals different conditions for the underground water channel or fissure, and the grouting rate used is also different. According to the results of the connection test method proposed in Section 2.2, if the connection type between the borehole and the water outlet is determined to be a fracture type, because the cracks are narrow and the grouting material is long in condensation, in order to ensure the grouting expansion distance in the cracks and loss to the invalid range, low-speed grouting is selected.



For the fracture-pipeline type, because the setting time of grouts has a certain adjustment space, the grouting rate should be adjusted according to the initial setting time of slurry. If the grouting rate is too high, the slurry will enter the pipeline before the initial setting. The slurry retention rate cannot be guaranteed. If the grouting rate is too low, the slurry will reach the initial setting state before entering the fracture, which may block the fracture. Therefore, the appropriate grouting rate should be selected according to the initial setting time.



If it is determined to be a pipeline type, the grouting rate should be increased according to the size of boreholes. The grouting volume can be increased by multi-pump combined grouting operation. If the grouting hole is too short, the length of grouting pipeline should be increased appropriately.



If the grouting rate is q, the grouting rate can be expressed as follows:


{q<Vp+Vd+Vftn(Fracture type)Vp+Vdtn<q<Vp+Vd+Vftn(Fracture-pipe type)Vptn<q<Vp+Vdtn(pipe type)



(12)




where Vp is the pipeline volume, Vd is the drilling volume, Vf is the volume of the fracture, and tn is the initial setting time of the grouting material.




2.3.3. Grouting Pressure Control


Initial grouting pressure control has different requirements for various types of connected forms. For fracture type, because of the good fluidity and long initial setting time of grout, the initial pressure of grouting is basically in a non-pressure state. Fracture-pipeline connection requires a certain pressure to ensure the continuous diffusion of slurry due to the initial setting state of slurry in the fracture. Therefore, a certain pressure should be guaranteed. The initial pressure of the grouting should be determined according to the slurry running condition at the water point and material properties, but it should generally be less than 2 MPa. For the pipeline type, because of the good penetration of the pipeline connection, the initial grouting pressure is still small, generally less than 0.5 MPa, even if the quick setting and early strength grout is used.



The final pressure of the grouting has a strong relationship with the head pressure, the type of slurry, and the diffusion distance. The grouting pressure is mainly controlled by the water pressure of the head. At the end of grouting, the pressure of the grouting is affected by the hydrostatic pressure and the influence of the diffusion radius. Therefore, the final pressure, Pz, of the grouting is generally 1.5 times larger than the hydrostatic pressure, P0, and less than 0.15 times the compressive PC of the intact rock mass.


1.5P0≤PZ≤0.15PC



(13)







In the case of the same grouting material, the grouting pressure relationship of different connected types is as follows:


Ppipe<Pfracture-pipe<Pfracture.



(14)







In actual engineering practices, the grouting pressure needs to be selected according to the type of groundwater connection.






3. Field Testing and Engineering Applications


3.1. Tracer Test Drop Hole Layout


The test was carried out in a karst mine in Guangxi. The mining was divided into three sections: a 28 m section, a 10 m section, and a −5 to 10 m section. Steps were reserved between the sections, and drilling was carried out on the steps. The mining area is located in the east wing of the Yujiang syncline. The whole stratum is monoclinically layered, with a single shape and stable production. It is generally 156–174°∠10–18°, and no obvious folds are visible. The mining area is surrounded by water on three sides (as shown in Figure 5). As a result of years of mining, the pits form a hydraulic drop funnel, and the surrounding water systems are all collected into the pit. According to the drainage data of the mine from 2008 to 2015, the maximum water inflow of the mine is 326,000 m3/day. The recovery point of this test is the water outlet point with a daily water inflow of 71,200 m3/day, as shown in Figure 5. According to the results of the geophysical exploration, holes D1 and D3 were selected as the injection points, and hole D2 was used as the control injection point. A quantity of 20 kg of NaCl was dissolved in 100 kg of water; it was placed at the dispensing point at a certain time and was simultaneously sampled at the recovery point, and water samples were taken once every 1 min for 60 min. In order to reduce the measurement error, the chloride ion selective electrode was used to measure each water sample five times, the maximum and minimum values were removed, and the other three groups of data were averaged.




3.2. Analysis of the Hydrological Tracer Test Results


The water sample was filtered, and the chloride ions in the sample were measured using a chloride ion selective electrode. By testing the initial water sample, the concentration of NaCl in the recovered point water was about 12 mg/L.



From Figure 6, point 1 of the collection point corresponds to the NaCl concentration–time curve of the recovery point. After 6 min, the NaCl content in the water sample began to increase. The underground runoff velocity was not less than 0.33 m/s, and the peak appeared at about 15 min. The NaCl concentration was 33 mg/L, and the average water velocity of the underground runoff was calculated to be 0.14 m/s. The mass m1 of the recovered solute was 14.24 kg by the grid method, and the water content of the solute diffusion zone accounted for 71.2% of the water output of the recovery point. According to the curve shape, the curve has an inflection point at around 11 min. Therefore, we inferred that the connected channel is not unique. Through on-site field investigation, the water quality of the recovery point was turbid, and the recharge channel of the recovery point was divided into a shallow channel and a deep channel, with the deep channel being the main channel.



It can be seen from the analysis in Figure 7 that after the NaCl solution is put into point 2, the solute is detected at the recovery point after 12 min. It was concluded that the fastest water velocity in the underground runoff area was 0.07 m/s, and the NaCl concentration peaked after 26 min. The concentration was 13.4 mg/L, so the average water velocity in the runoff region was found to be 0.03 m/s. Small peaks appeared at 18 and 38 min, indicating that there are at least two small tributaries. The peak of the delivery point corresponds to a lower peak concentration, low average flow rate, and low recovery, and the curve lowering section is slower. It is presumed that the connection mode with the recovery point or the recovery point main pipeline is a crack connection.



It can be seen from Figure 8 that after the tracer was put in delivery point 3, NaCl was found at the recovery point after 2 min; the maximum water flow velocity was not less than 0.425 m/s, indicating that the connectivity is excellent, and the peak concentration was 55 mg/L. The appearance time was 6 min, and the average flow velocity of underground runoff was 0.14 m/s. The peak here is slower, indicating that there is a large water-filled cave with the underground runoff. The grid method was used to calculate the area of the curve: the mass of NaCl received at the recovery point was 16.68 kg, and the water content in the solute diffusion area accounted for 83.4% of the water at the recovery point, indicating that the pipeline runoff was mainly near the recovery point.



According to the above data, the karst can be developed into a pipeline-fracture type, and the pipeline has a certain relative independence. Injection hole 1 was connected to the main channel through the fracture, which is a pipe-fracture type runoff. The micro-cracks were connected to the recovery point. Dosing hole 3 has good connectivity, and it is inferred that the main channel connected to the gushing point is directly exposed. Based on the above inferences, an underground runoff map of this area was obtained, as shown in Figure 9.




3.3. Setting the Targeted Grouting Parameters


Targeted grouting refers to the realization of directional controllable grouting by adjusting the grouting rate, grouting pressure, material initial setting time, and so on, which can make the slurry condense in the most effective area. It can not only prevent the material from being washed away in the fast-flowing water because of the slow setting time, but it can also prevent the material from being blocked in the cracks connected with the main channel because of the fast setting time. Therefore, after determining the underground runoff conditions by hydrological tracer testing, the grouting rate needs to be calculated for the grouting pressure, and the initial setting time of the material is tested to determine the optimal grouting scheme.



3.3.1. Grouting Material Selection


Material selection depends on the type of runoff, connectivity, and different grouting materials. Before grouting, the final setting time of the self-developed organic polymer composite cement-based quick-setting double-liquid slurry with different cement water ratios (C/W) and different cement slurry self-developed materials volume ratio (volume ratio) was measured on site, as listed in Table 2. The quick-setting slurry has the characteristics of an adjustable initial setting time, good injection ability, and anti-washout properties. The most prominent advantage is that the initial setting and the final setting interval are long, the plasticity is good after the initial setting, the pumpability is good, and the anti-scouring performance is strong.



The variation of viscosity of single cement grouts with different water cement ratios can be expressed as follows:


u=(1+3m−2.7)exp(0.12m2.5e−1.6mt),t≤60



(15)




where m is the water cement ratio of the slurry, and t is the time.



From Figure 10, it can be seen that the viscosity of the single cement slurry increases slowly, and the viscosity is only 12–22 Pa·s in 60 min. It is suitable for grouting cracks and is beneficial for long-distance diffusion. As shown in Figure 11, the polymer cement grouting material can reach 20 Pa. s in 60 s, and its viscosity increases slowly after 60 s. Therefore, it is suitable for grouting in a fissure-pipeline channel, which can avoid blocking the connected cracks and ensure that grouts with a scouring ability enter the pipeline continuously. The viscosity of the cement–water glass double slurry reaches 500 Pa s within 60 s, and the initial and final setting time is short. It is suitable for drilling grouting with a pipeline connection, and can ensure rapid plugging.



The connection mode between D1 and the recovery point belongs to the pipeline-fracture type, and the connectivity between the fracture and the pipeline is good. Therefore, the polymer cement grouting material can be selected. According to the connection test results, the initial setting time of the grouting material should be less than 5 min. In actual engineering practices, the setting time of the polymer cement grouting material can be adjusted according to the scenario running conditions.



The connection point between D2 and the recovery point is a fracture type, and the connectivity is weak. Cement slurry with a water–cement ratio of 1 can be used for grouting, which is favorable for diffusion.



The connection point between D3 and the recovery point is a pipeline connection, the connectivity is strong, and the water volume in the pipeline is large, so anti-scouring double slurry can be used for grouting. In this case, the initial setting times of the double slurries of different ratios are as given in Table 2. Therefore, in this experiment, an anti-scouring double slurry with a ratio of gray to water of 1.5, and a volume ratio of 5:1 was used.




3.3.2. Grouting Rate


According to the connection test results, the connection mode between D1 and the recovery point is a pipe-fracture connection type. This connection mode requires that the grouting material have certain anti-scour performance and ensured fluidity when entering the fracture. After entering the main pipeline, the slurry can be brought to the initial setting state in order to ensure the retention of the slurry. The beginning initial setting time of the grouting material, tn, was 5 min, the material orifice was mixed, so the grouting pipeline volume, Vp, was 0, the grouting hole depth was 70 m, the diameter was 108 mm, and the drilling volume, Vd, was 0.64 m3. As the connected fracture volume is much smaller than the drilling volume, the solid connected fracture volume can be neglected. Except for in Equation (14), the grouting rate is as follows:


q>Vp+Vdtn=(0+0.64)/5=128L/min



(16)







So, the amount of grouting should be no more than 128 L/min.



The connection point between D2 and the recovery point is a crack connection. In order to fully diffuse the slurry, the crack should be completely blocked; cement single-liquid slurry was used for sealing, and the grouting rate can be appropriately reduced to prevent the slurry.



D3 and the recovery point are connected through a large pipeline. The water volume in the pipeline is large and the flow rate is high. In order to increase the plugging efficiency, the slurry needs to ensure the initial setting state in the borehole, so an anti-scouring two-liquid quick-setting slurry was used as the slurry. In order to form a block as soon as possible, the initial setting time of the selected grouting material, tn, was 30 s, the drilling depth was 60 m, the diameter was 108 mm, and the drilling volume, Vd, was 0.55 m3. Because of the drilling hole mixing method, the grouting pipe road volume is negligible, Vp is 0, and the grouting rate is as follows:


q=Vp+Vdtn=(0+0.55)/5=1.1m3/min



(17)







So, the injection rate of D3 was 1.1 m3/min. The grouting process of D3 hole was shown in Figure 12a. Before and after plugging are shown in Figure 12b,c.




3.3.3. Grouting Pressure


The final pressure of the grouting should take into account the head pressure of the water, the setting time of the material, and the type of pipe crack. The surrounding rock of the grouting area of this project is in good condition, the deepest grouting hole is −50 m, and the average water level of the connecting river is 20 m. Therefore, the head pressure of the water is 0.7 MPa. The compressive strength of limestone is 60 MPa. According to Equation (15), the grouting pressure should be controlled to 1.05 MPa < p < 9 MPa. In order to improve the retention rate of the grouting, a padding pad was constructed on site; the design compressive strength of the pad was 6 MPa, so the sum of the head pressure of water and the grouting pressure needed to be less than 6 MPa. Thus, the final pressure control range of the grouting was 1.05 MPa < p < 5.3 MPa.





3.4. Field Test Implementation and Sealing Effect


Field Test Implementation


The comprehensive double slurry setting times, hydrological tracer testing, topographical features, revealing point depths, and so on, when adopting different grouting schemes for different hole positions, are as shown in Table 3.



Through the hydrological observation hole, the changes in the water in the mine could be grasped. The water level of the hydrological observation hole is closely related to the water in the mine, and changes can reflect the effect of grouting and plugging in the mine. The project has a hydrological observation hole outside of the pit, which is directly related to the monitoring of the water inrush point. The water level change before and after the plugging is shown in Figure 13. It can be seen that the water level of the observation hole was maintained at 4 m before the receiving point was blocked. After the water inrush point achieved complete sealing, the water level rose obviously to about 7 m. A comparison of the water inrush points before and after blocking is shown in Figure 14.






4. Conclusions


(1) This paper proposed a method to identify the type of groundwater connectivity from the tracer recovery rate and the number of peaks of the tracer curve, and to determine the maximum velocity and average velocity of the groundwater flow in a depression mine.



(2) Based on the hydrological tracer test data, the connection type of groundwater in a karst depression-type mine was obtained, the grouting material was optimized according to different connection types, and the grouting rate and grouting pressure were controlled to realize the targeted control of gushing water in the depression mine.



(3) In a limestone depression mine in Guangxi, a tracer test was carried out to obtain the connection type between the borehole and the water outlet point, the maximum water flow velocity of the runoff, and the minimum water flow velocity. Based on this, material optimization, grouting rate determination, and pressure control setting were performed. Finally, the plugging of the water outlet was realized.
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Figure 1. Potential value and chloride ion concentration logarithm. 
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Figure 2. Schematic of the pipe-fissure. 






Figure 2. Schematic of the pipe-fissure.



[image: Water 11 01000 g002]







[image: Water 11 01000 g003 550]





Figure 3. Concentration-Time curve of pipeline-fracture water inrush. 
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Figure 4. The technology roadmap of targeted grouting. 
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Figure 5. Mine area distribution. 
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Figure 6. The NaCl concentration–time curve of D1. 
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Figure 7. The NaCl concentration–time curve of D2. 
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Figure 8. The NaCl concentration–time curve of D3. 
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Figure 9. Inferred underground runoff map. 
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Figure 10. Variation of viscosity of cement slurry with different proportions. 
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Figure 11. Variation of viscosity of typical polymer cement and cement–water glass grouts. 
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Figure 12. D3 grouting (a) and the collection points before (b)/after (c) plug off. 
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Figure 13. Water observation curve. 
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Figure 14. Contrast photo of before (a) and after (b). 
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Table 1. Table of setting time and applicability of slurry.
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	Materials
	Initial Setting Time
	Final Setting Time
	Mine Water Shutoff Applicability





	Portland cement
	7–14 h
	12–36 h
	Small fracture



	Sulphate aluminum cement
	>25 min
	<180 min
	Dynamic water fracture



	Cement–water glass
	10–600 s
	10 min–dozens of minutes
	Large discharge and high flow rate



	Polymer cement
	10–600 s
	10 min–dozens of minutes
	High fracture density



	Chemical grouts
	10–60 s
	2–10 min
	Deep pipes and cracks
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Table 2. Initial setting time of D3 grouting materials (s). C—cement; W—water.
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Volume Ratio

	
1:1

	
2:1

	
3:1

	
5:1




	
C/W

	






	
0.6

	
170

	
100

	
90

	
170




	
1

	
70

	
60

	
50

	
80




	
1.5

	
45

	
40

	
35

	
30
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Table 3. A table of grouting control.
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	Point
	Revealing Point Depth
	Topographical Features
	Grouting Materials
	C/W
	Two-liquid Ratio
	Initial Setting Time
	Grouting Rate (L/min)





	1
	52.5 m
	Limestone, filled with a small amount of yellow mud
	Polymer cement
	1.25
	—
	5 min
	260



	2
	36 m
	Limestone, broken belt
	Single slurry
	1
	—
	15 h
	35



	3
	46 m
	Cave, filling silt
	Anti-scouring quick-setting double slurry
	1.5
	5:1
	30 s
	1100
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