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Under forecasting rainfall condition, rainfall flows into the tailings pond instantaneously, causing water level rising rapidly, thus threatening the safety of the tailings pond. Therefore, it is of great importance to give auxiliary flood discharge measures in emergency situation. This study investigated the optimized calculation algorithm of two combined schemes of lowering the coverplate of tailing ponds and installing additional drainage pumps to determine the recommended scheme of auxiliary drainage measures for tailing ponds under forecast rainfall and proposed the corresponding prediction and calculation method based on the basic data of the water level-reservoir capacity curve of tailing ponds, forecast rainfall parameters, and flood discharge system parameters. The results showed that compared with the precise algorithm, the optimized algorithm does not need to call the main procedure of flood regulation calculation and is of high calculation efficiency and accuracy, calculation time can be controlled within 0.05s. Through the optimized algorithm, the recommended auxiliary drainage scheme for forecast rainfall can be obtained immediately, which can effectively guide tailing pond flood control and drainage activities during the flood season.
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1 INTRODUCTION
The tailings pond, a special structure attached to the mine, is mainly used to stockpile tailings and waste slag from ore beneficiation. Upstream tailings ponds are designed with a flood drainage structure to discharge the clarified reservoir water that enters the pond with the tailings, as well as to discharge the incoming floods to ensure that the tailings pond can withstand floods under the design standard. Due to the dynamic changes in the accumulation height and reservoir water level of upstream tailings ponds, the design of the intake structure uses a sloping flume or a drainage shaft with coverplates (Forbes et al., 1991). As the tailings’ elevation rises, the number of coverplates is gradually increased, realizing dynamic regulation (Saliba et al., 2011). The design of the coverplates is similar to the role of gates in hydraulic buildings. From the load bearing point of view, the coverplate of the flood discharge facility of the tailings pond can withstand sediment or water pressure. Therefore, when the coverplate is covered by the tailings, it should not be opened again; however, the coverplate within the clarified water range can be opened again to increase the discharge capacity of the flood discharge system under a higher hydraulic head. As the flood discharge capacity of the tailings pond is generally very limited, a overtopping dam failure is very likely to occur when the tailings pond encounters flooding, especially when the prior emptying time is short or the flood discharging capacity is insufficient (Grimalt et al., 1999; Rico et al., 2008; Cambridge and Shaw, 2019). Meanwhile, the rise of water level increases the risk of liquefaction of the dam surface (Cambridge, 2014; Zanbak, 2019), which in turn reduces the anti-sliding stability of the dam. Therefore, it is important to develop a tailings pond coverplate lowering and auxiliary drainage scheme to increase the temporary drainage capacity to prevent dam failure and overtopping due to extreme rainfall during the flood season.
Owing to global warming, extreme weather is increasing every year. At present, the prediction of extreme weather mainly relies on meteorological rainfall forecasts. Because of the timing-constraint nature of weather forecasts and the generally limited discharge capacity of flood discharge systems, the incoming flood from the rainfall confluence will pose a greater threat to the safe operation of the tailings pond if the reservoir level cannot be lowered below the safe elevation within a short time after the extreme rainfall warning is issued (Cheng et al., 2021; Wu et al., 2022). The current government laws, regulations, technical specifications, and departmental guidelines (Ministry of Emergency Management of the People’s Republic of China, 2020; Order of the State Administration of Work Safety, 2011; Ministry of Housing and Urban-Rural Development, 2013) offer no specific guidance for the tailings pond discharge scheme in an emergency, and emergency rescue is often organized by experts after an accident (Coldewey, 2009). It is an ex-post control of risk that is aimed at reducing accident losses.
It has become a consensus that extreme rainfall can significantly increase the risk of tailings pond failure. A series of theoretical studies have been conducted by researchers focusing on tailings pond risk prediction under extreme rainfall conditions, and some changing processes and pre-assessment methods of dam failure risk (Bai et al., 2021a) under rainfall confluence have been obtained. Joyce et al. (2018) demonstrated that the method of coupling flood risk and infrastructure resilience is achievable through the careful formulation of flood risk associated with a resilience metric, which is a function of the predicted hazards, vulnerability, and adaptive capacity. Komljenovic et al. (2020) proposed a holistic resilience-based approach for analyzing the safety of the tailings dam’s closure stage, including the risk of overflow over the dam crest. As uncontrolled leakage from mine tailing pond can pose a serious environmental threat (Huang et al., 2016), Sammarco et al. (2003) studied the forecast of emergency situations owing to excessive water inflows into tailings ponds, pointing that in case of tunnel overflow and/or obstruction, water could flow from the tunnel into ponds thus causing over-topping risk, some measurements were suggested to reduce water inflow into the ponds, without preventing, but rather promoting, water outflow. Yang et al. (2020) proposed a hybrid network- Long- Short- Term Memory (LSTM) and Convolutional Neural Network (CNN), namely, CNN-LSTM network for predicting the tailings pond risk. Khalil et al. (2015) also carried out short-term water level forecasting research under conditions of mine-tailings recharge using wavelet ensemble neural network models, which ensures model robustness along with improved reliability by reducing variance. In recent years, with the development of monitoring technology, quantitative mathematical methods for predicting the extreme condition of tailings ponds, such as the risk of dam failure, together with the results of monitoring (internet of things monitoring or remote sensing monitoring) have become a research hotspot. Jing and Gao (2022) studied the deep learning bidirectional recurrent long and short memory network and proposed an infiltration line prediction model with univariate input and an infiltration line prediction model with multivariate input. Chang et al. (2013) and Liao et al. (2021) studied monitoring data of tailings dam and obtained the Lyapunov exponent as well as the calculation method for the correlation dimension D2 of the dynamical characteristics of tailings pond system. Che et al. (2018) proposed a remote sensing method based on support vector machine (SVM) to evaluate the safety risk of tailings pond under rainfall condition. Chen et al. (2019) used the method of data classification and regression analysis to establish a method of analyzing and predicting risk of tailings pond during operation. Jianfei et al. (2020) proposed a prediction model based on PAC and LSTM neural network. Besides, some experiment about tailings (Benzaazoua et al., 2004) or draining system designing method (Bánik et al., 2002) to grasp the influence factor of safety for tailings pond. The above research results have to some extent grasped the prediction method of tailings pond dam failure risk and were applied to early warning research. However, because of the transient and sudden nature of dam failure landslides (Cardinali et al., 2006), prior prevention of accidents and calculation of scenarios are still important measures to ensure the operation of tailings ponds.
In this study, based on the flood regulation algorithm calculation procedure, the auxiliary flood discharge calculation method of flood discharge system under predicted forecast rainfall is examined for the specific characteristics of tailing pond flood discharge facilities, which provides a scientific basis for the safe flood control of tailing ponds in short time.
2 METHODS
2.1 Precise algorithm
The precise algorithm is a method to increase the number of cycles by continuously increasing the number of coverplates that should be lowered or the number of pumps that should be added, updating the discharge flow curve, calling the main program of the flood regulation algorithm for trial calculation, and calculating whether the highest water level determined by the algorithm exceeds the warning after each trial. Finally, the number of coverplates that should be lowered or the number of pumps that should be added is obtained.
The flowchart of the precise algorithm is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the precise algorithm.
From the flowchart shown in Figures 1, 2, it can be seen that the method requires constant calls to the main program of flood regulation algorithm. Although the calculation accuracy is high, the calculation efficiency is very low, which affects the stability of the program operation.
[image: Figure 2]FIGURE 2 | Simplified flowchart of the precise algorithm.
2.2 Optimized algorithms
In order to solve the problems of the above-mentioned precise algorithm, this study developed an optimized algorithm for increasing the discharge capacity of the flood discharge system in the tailings pond prediction and forecasting system, which realizes the automatic calculation of the emergency assistance scheme through the judgement of maximum water level [image: image] and [image: image] (warning water level), translation of the discharge flow curve of the flood discharge system, and parameters such as the water level-volume curve of the tailings pond. The flowchart of this algorithm is shown in Figures 3, 4.
[image: Figure 3]FIGURE 3 | Flow chart of the optimized algorithm.
[image: Figure 4]FIGURE 4 | Simplified flowchart of the optimized algorithm.
According to the flowchart of the optimization algorithm for increasing the discharge capacity of the flood discharge system in the tailings pond prediction and forecasting system described above, the optimized algorithm includes the following steps and judgment processes.
2.2.1 Determination of whether to activate the auxiliary drainage scheme
Derive the maximum water level [image: image] obtained in the previous flood regulation calculation, and determine if [image: image] exceeded the warning level [image: image]. If the warning level [image: image] is exceeded, the auxiliary discharge scheme is required. Otherwise, the auxiliary discharge scheme is not required.
The auxiliary discharge scheme includes two types of lowering coverplates and adding a drainage pump, which are divided into two cases according to the actual situation: ① only lowering the coverplate elevation; ② lowering the coverplate elevation+ add drainage pump. Therefore, this algorithm prioritizes lowering the coverplate elevation, and when the drainage capacity is still insufficient after lowering the coverplate elevation, the combination of lowering the coverplate elevation+ drainage pump is used for auxiliary drainage.
2.2.2 Calculating the amount of water need to be discharged
The precise amount of water to be discharged is defined as [image: image] (Figure 5), which is the difference between the volume corresponding to the current water level and the volume corresponding to the target water level z2, it cannot be calculated because the target water level z2 is unknown. However, it can be calculated approximately using Eq. 1, i.e., the difference between the capacity corresponding to the warning level and the capacity corresponding to the maximum water level.
[image: image]
[image: Figure 5]FIGURE 5 | Water level-reservoir storage capacity curve and required discharge volume diagram.
Where [image: image] is the reservoir capacity corresponding to the highest water level of the flood regulation calculation, m3, [image: image] is the reservoir capacity corresponding to the warning water level [image: image], m3.
2.2.3 Calculating the required discharge capacity of the flood discharge system
According to the amount of water need to be discharged and the forecasting time, the minimum required discharge capacity of the flood discharge system can be calculated, the calculation method is detailed in Eq. 2.
[image: image]
Where [image: image] is the time interval of the weather forecast.
2.2.4 Calculating the auxiliary discharge scheme
Compare the magnitude of [image: image] and the theoretical maximum discharge capacity of the drainage system [image: image]. If [image: image] > [image: image], then a direct determination is required to lower the coverplate to the lowest elevation and activate the pump discharge option. If [image: image] < [image: image], then a second determination is required to judge that if the lowering of the coverplate method alone may satisfy the need for discharging.
If [image: image] > [image: image], then the maximum discharge capacity of the discharge system does not meet the target discharge capacity requirement; therefore, all liftable coverplates need to be removed, and pump discharge measures need to be added. The number of coverplates that should be lowered and the amount of pump added are calculated using steps 1) to 3).
1) Calculate the minimum elevation to which the coverplate can be lowered using the following equation:
[image: image]
where [image: image] is the dead storage water level of the tailings pond [image: image] is the elevation of the flume bottom (or bottom of the well) of the flood discharge system.
The above equation uses the water level at the bottom of the flume and the dead water level, to determine the lowest position to which the coverplate can be lowered. If the dead water level is higher than the flume bottom level (Figure 6), the coverplate can only be lowered to the dead water level elevation. If the dead water level is lower than the flume bottom level (Figure 7), the coverplate can be lowered to the flume bottom position. Dead water levels below the bottom of the flume are less common and occur mainly when there is a tandem discharge system, or during the initial stages of tailings storage operation.
[image: Figure 6]FIGURE 6 | Schematic of flume bottom elevation and dead water level (dead water level above flume bottom elevation).
[image: Figure 7]FIGURE 7 | Schematic of flume bottom elevation and dead water level (dead water level is below the flume bottom elevation).
The amount of coverplate need to be removed is calculated using the following equation:
[image: image]
Where [image: image] is the length of the single coverplate and [image: image] is the angle between the inclined groove and the horizontal direction.
2) Calculate the average discharge volume the coverplate lowering scheme by an optimization algorithm, which includes the steps ① and ②.
① Shift the water level-discharge flow curve downward along the [image: image] axis ([image: image] ) to obtain the new water level-discharge flow curve, as shown in Figure 8. Query the new water level-discharge flow curve to obtain the discharge flows [image: image] and [image: image] corresponding to the warning water level [image: image] and water level [image: image] under this scenario.
[image: Figure 8]FIGURE 8 | New water level-discharge capacity curve.
The method of acquiring the whole discharge curve is, calculating the results of free flow, semi-pressure flow and pressure flow at different water levels, and taking their minimum values as the final discharge curve after comparing the three at each water level, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Water level-discharge capacity curve; 1 - Free flow; 2 - Semi-pressure flow; 3 - Pressure flow.
② The average flow capacity of the flood discharge system under this scheme is obtained using the following equation:
[image: image]
3) Calculate the minimum number of mechanical pump that should be added based on the difference between the discharge capacity [image: image] that the discharge system should have and the current average discharge capacity [image: image], and the specific parameters of the pumps using a simplified calculation of the number of pumps.
The calculate of the minimum amount of mechanical drainage that should be added including steps ① to ②.
① Calculate the required mechanical drainage flood capacity using the following equation:
[image: image]
② Calculate the number of pumps required, which is [image: image], using the following equation:
[image: image]
where [image: image] is the rated flow rate of the selected pump, Brackets in Eq. 7 means rounding up to an integer.
If [image: image] < [image: image], it indicates that the coverplate lowering option is expected to meet the target discharge volume, but further judgment is needed on specific measures to increase drainage capacity.
When [image: image] < [image: image], the water head required to reach [image: image] is [image: image] ([image: image]), the current water head is defined as [image: image] ([image: image]), and the elevation corresponding to [image: image] is obtained by interpolation, which is the elevation corresponding to the target head [image: image]. It is important to predetermine and calculate the minimum amount that the coverplate should be lowered using the following equation:
If [image: image], this indicates the theoretical target elevation of coverplate need to be lowered is higher than [image: image] and the discharging requirements can be met without initiating a mechanical discharge scheme. Then, the minimum amount that the coverplate should be lowered can be calculated by the following equation:
[image: image]
If [image: image], this indicates that the coverplate can not be lowered to the desired position and the mechanical drainage scheme still needs to be activated. Thus, the amount by which the coverplate should be lowered is calculated using the following equation:
[image: image]
where, [image: image] is the length of the single coverplate and [image: image] is the angle between the inclined flume and the horizontal direction.
After the number of lowered coverplates is determined, the same procedure as in steps (2) to (3) is used to calculate the minimum number of mechanical drainage facilities that should be added.
When mechanical drainage measures are selected to increase the discharge capacity without lowering the coverplate, the amount of mechanical drainage is calculated using the following formula:
[image: image]
Brackets in Eq. 10 means rounding up to an integer.
The parameters required for the above calculation process are listed as follows.

[image: image], The highest water level calculated in the previous flood regulation calculation, m.
[image: image], Early warning water level, m.
[image: image], The amount of water to be drained during the forecast time, m3.
[image: image], Capacity of the reservoir corresponding to the highest water level of the flood regulation calculation, m3.
[image: image], Reservoir capacity corresponding to the early warning level, m3.
[image: image], Minimum discharge capacity that the flood discharge system should have, m3/s.
[image: image], Maximum discharge capacity of the flood discharge system, m3/s.
[image: image], Discharge flow corresponding to the highest water level, m3/s.
[image: image], Discharge capacity corresponding to the early warning water level, m3/s.
[image: image], Average flow capacity of the flood discharge system, m3/s.
[image: image], Flood discharge capacity of water pumps, m3/s.
[image: image], Discharge capacity corresponding to water level [image: image], m3/s.
[image: image], Rated flow rate of the selected drainage pump, m3/s.
[image: image], Time interval of the weather forecast, s.
[image: image], Number of auxiliary relief facility pumps required, units.
[image: image], Elevation corresponding to the target water head, m.
[image: image], Current elevation of the coverplate, m.
[image: image], The lowest elevation to which the coverplate can be lowered, m.
[image: image], Dead water level elevation, m.
[image: image], Elevation of the trough bottom of the flood discharge ramp, m.
[image: image], the water head required to reach [image: image], m.
[image: image], The current water head, m.
[image: image], Number of coverplate plates to be lowered.
[image: image], Length of the single coverplate, m.
[image: image], Angle of the inclined flume to the horizontal, °.
3 PHYSICAL MODEL
A tailings reservoir (Figure 10) is a second-class reservoir with a sloping flume-culvert pipe type flood discharge system, the single vertical height of the coverplate is 0.2009 m, and the dead water elevation is 253.5 m. The tailings reservoir water level-capacity curve is shown in Figure 11, and the water level-discharge capacity curve is shown in Figure 12. The blue warning water level is 257.0 m. A 200-min weather forecast indicates that a heavy rainfall will occur. The incoming flood and flood regulation calculations are performed according to the forecasted rainfall process. The calculation results show that this forecasted rainfall can raise the water level to 257.5 m, exceeding the blue warning water level.
[image: Figure 10]FIGURE 10 | Schematic of a tailings pond.
[image: Figure 11]FIGURE 11 | Water level-volume curve of a tailings pond.
[image: Figure 12]FIGURE 12 | Water level-discharge capacity curve of a tailings pond.
4 RESULTS AND DISCUSSION
In order to cope with the forecasted rainfall, an emergency relief plan is needed to increase the discharge capacity so that the reservoir water level does not exceed the warning water level. The flood regulation calculation results show that the rainfall inflow causes the highest water level of tailings pond to rise to [image: image], which is higher than the blue warning water level [image: image]. Therefore, it is necessary to start the auxiliary discharge scheme. According to [image: image], [image: image], and Figure 9, the water volume to be discharged [image: image] is derived by subtracting the volume of the reservoir corresponding to the highest water level from the volume corresponding to the warning level to obtain: [image: image]. To discharge the excess water, the minimum discharge capacity of the flood discharge system should be no less than: [image: image] . Compare the magnitude of [image: image] and [image: image]. According to Figure 12, [image: image] (33.37 m3/s) > [image: image] (31.67 m3/s). The water elevation corresponding to [image: image], i.e., [image: image]. Then, the following judgments are carried out: ① calculate the lowest elevation coverplate can be lowered: [image: image];② determine the relationship between [image: image] and [image: image]: [image: image]. This implies that the target elevation of the lowered coverplate is higher than [image: image], which indicates that the flood discharge needs can be satisfied by only using the lowered coverplate measures. Then, the number of lowered coverplates required is calculated as follows:
[image: image]
Based on the above calculations, 10 coverplates (rounded up) need to be lowered before the flood to ensure the water level in the tailings pond does not exceed the warning when suffered forecast rainfall.
The calculated result using the precise algorithm shown in Figure 1 is also 10 coverplate plates. It can be seen that the calculation result of the optimized algorithm is the same as that of the precise algorithm.
Computation time of the precise algorithm and the optimized algorithm is listed in Table 1. For physical model in Figure 10, the computation time by precise algorithm is 5.3 s, 10 times of the main program is called during trial computing, whereas, the computation time by the optimized algorithm is only 0.05 s, without calling the main program of flood regulation.
TABLE 1 | Computation time of the precise algorithm and the optimized algorithm.
[image: Table 1]The calculation time of the precise algorithm is related to the calculation time of one single flood regulation, whose efficiency is relied on factors such as iterative method, water level step size, the non-linearization degree of water-reservoir capacity curve and so on. The more complex the input parameter is, the lower the calculation efficiency is. However, the optimized algorithm does not need to call the main program of the flood regulation, so it has a competitive computation efficiency.
The upstream tailings pond adopts hydraulic discharging method, so in the tailings discharging process, reservoir bottom is gradually covered by tailings with the processing of hydraulic deposition (Bai et al., 2021b), and a triangle zone (from the cross section) formed by the original topography and the sedimentary beach at the reservoir tail is the water storage zone. Therefore, the variation amplitude of the water level in tailings pond is actually limited. As stipulated in Tailings Pond Safety Regulation (National regulation of People’s Republic of China), the minimum safety free height (height between water level and breach crest) of different class tailings pond are listed in Table 2, taking the first-class tailings pond as an example, the minimum safety free height is only 1.5 m, which indicates that the variation range of water level in tailings pond will not be too large, otherwise, overtopping accident will occur. Therefore, the method of estimating the water amount to be discharged, and the discharging capacity under the scheme of auxiliary discharging measurement by the linear simplified formula in a small water variation range has a relatively high calculation accuracy.
TABLE 2 | The minimum free height of upstream tailings pond (m).
[image: Table 2]The simplified algorithm proposed in the study is not applicable to the initial discharge stage in the starter dam, because the starter dam is mostly one-time constructed, so the free height for safety is enough and the allowable variation of water is large, what’s more, the non-linearity of water level storage capacity curve in the initial stage is obvious, therefore, the linear simplified estimation method proposed in this study will cause a certain amount of calculation errors when applied to the initial construction stage of tailings pond.
5 CONCLUSION
This study designed and examined the algorithm for an emergency increase in flood discharge capacity under extreme rainfall condition. Based on the calculation algorithm of tailings pond flood diversion and prediction method, the coverplate lowering scheme and auxiliary discharge scheme under the forecast condition were established based on rainfall forecast time, water level-volume curve, water level-discharge curve, coverplate size of flood discharge system and other parameters.
A method for predicting whether to activate the auxiliary discharge measures was established, and the estimation of whether to activate the auxiliary discharge measures was performed by comparing the size of the maximum water level calculated by the flood regulation calculation and the warning water level. Then, a simplified calculation method for the amount of water to be released under forecast and prediction conditions was derived, and the amount of water to be released was obtained based on the maximum and warning levels and the water level-volume curve. In addition, an estimation method for the target discharge capacity was developed. The target discharge capacity of the drainage system was estimated based on the time interval of rainfall forecasts and [image: image].
An optimization algorithm for estimating the average discharge capacity of the flood discharging system under the coverplate lowering scheme was proposed. The optimization algorithm comprised two processes: 1) obtaining a new water level-discharge flow curve by translating the discharge flow curve; and 2) using the average of the discharge flows corresponding to the warning level and the [image: image] level at the new water level-discharge flow curve as the average discharge capacity of the current flood discharge system under the predicted forecast scenario. The comparison results of the optimized algorithm and the precise algorithm showed that the former method has high calculation accuracy and does not need to call the main program of the flood regulation algorithm, thus significantly improving the calculation efficiency of the auxiliary drainage module.
The proposed simplified algorithm greatly reduces the calculation complexity of auxiliary discharging scheme under rainfall prediction, and improves the robustness and efficiency of calculation program. When the discharge capacity in insufficient, the contingency engineering measurements will be calculated and be recommended immediately, thus reducing the risk of overtopping accident to the largest extent, and ensuring the safety of downstream area.
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