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摘要
本研究旨在解決不確定入流下，水庫即時排砂操作策略之擬訂，建立即時最佳操作模式以決策水庫排砂操作。為取得水庫於排砂與蓄水兩大目標間之平衡，模式操作目標包含有(1)使水庫排砂量最大化及(2)使水庫最終蓄水量達所訂定之目標蓄水量。為考量入流之不確定性，本研究透過序率規劃找出最佳操作策略，並考量不同因子對操作結果之影響。本研究假設濃度於空間上為均勻分布以簡化濃度之計算。首先建立兩階段序率規劃模式(2-stage stochastic programming)，研究目標函數特性及主要影響因子，並將模式延展至長時間操作。之後將模式修正為多階段序率規劃模式(multi-stage stochastic programming)，並透過簡化後之目標函數進行最佳決策以提高操作之效益與計算之效能。最後研究不同入流量-入流濃度關係對於水庫操作之影響，並提出一最佳水庫排砂操作策略。
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Abstract
Reservoir sedimentation is a serious problem with large environmental and economic implications. The sedimentation significantly decreases the reservoir capacity and reduces benefits. To maintain the reservoir capacity, is an effective practice. However, the real-time sediment flushing operation is still not well studied yet. Although the goal is very obvious, store clear water and release the muddy water, the difficulty of sediment flushing operation is from the uncertainty of both inflow and sediment discharge. The two objectives of operation are: (1) maximization of the total flushing sediment volume, and (2) reaching the objective storage after the flood event. The decision variables are release volume during operation period. To simplify the problem of concentration distribution, we assume that the concentration is uniform in space. Considering the uncertainty, two-stage stochastic programming was established to study the relationship between reservoir concentration and release volume. Then reservoir operation optimization model was developed for operation decision in two ways: (1) time period extension of two-stage stochastic programming model, and (2) multi-stage stochastic programming model. According our models, the purpose of this study is to propose an optimal reservoir operation policy for flushing sediment.
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1. INTRODUCTION
Reservoir sedimentation is a natural process which causes a common problem worldwide. Because the construction of a dam blocks the sediment discharge to downstream, sediment carried into a reservoir will be deposited and causing bed aggradation and reduction of storage capacity. The loss of capacity limits functionality and diminishes the lifespan of the facility (Lee and You, 2013). Moreover, with the impact of climate change, the potential sediment yield in a reservoir could be increasing in coming future, and imposes challenges to reservoir management and operation (Goode, 2012). Huang and Makar (2013) assessed the impacts of climate changes on reservoir sedimentation with five climate change scenarios projecting on Elephant Butte Reservoir, and found that the sediment loads would increase in the wetter and less warming scenario in the future, thus affecting the lifespan of the reservoir. Due to the tremendous adverse impact of dam on environment and ecosystem, practically it is very difficult to build a new large dam nowadays (Parekh, 2004; Qi et al., 2005; Wei et al., 2009). As a result, how to maintain the reservoir, especially its capacity by reducing sediment deposits becomes a critical issue for sustainable reservoir management.
To maintain the reservoir capacity, engineers have applied various approaches for reservoir sedimentation control. These approaches can be categorized to 1) dredging and siphoning, 2) sediment routing during floods, 3) sediment flushing (drawdown flushing and emptying flushing), and 4) turbidity current venting (Fan and Morris, 1992; Shen, 1999; Wang and Hu, 2009). Among these approaches, sediment flushing is an effective practice in sediment release with low economic cost, which has been applied successfully in many cases (Lai and Shen, 1996; Chang et al., 2003; Wang and Hu, 2009). Most of the investigations focus on the mechanism and properties of sediment flushing (Lai and Shen, 1996; Atkinson, 1996), and availability and effectiveness in reservoirs by construction of physical models (Hotchkiss, 1990; Ashraf et al., 2014) and simulation models (Castillo et al., 2014). However, less studies discussed the reservoir operation for sediment flushing. Chang et al. (2003) revealed that the operators usually take the flushing operation as a matter of experience instead of an operating rule.
Recently, to sustain the utilization of reservoirs, the studies have adjusted the direction from the application of flushing measures to the determination of flushing operational policies. Chang et al. (2003) and Khan (2009) developed optimization-simulation models by genetic algorithm (GA) to optimize the yearly rule curves considering with sediment removal. Shokri et al. (2012) presented a stochastic dynamic programming (SDP) model to determine monthly water release in different scenarios for meeting water demand and sediment flushing. Shen (1999) and Chang et al. (2003) suggested that sediment flushing operation could be taken during a flood event considering both water storage and sediment flushing. Wan et al. (2010) proposed a similarity-based operation model consisting of water and sediment process forecasting to improve the efficiency of reservoir operating strategy for water saving and sediment flushing during a flood event; however, the operating rule is deterministic by a sediment concentration threshold.
Shen (1999) recommended that the ideal operation for sediment flushing in a flood event could be opening the outlet before the peak of sediment inflow then closing the outlet before the peak flow discharge; nevertheless, the flushing efficiency would depend on the relationship between the time variations of inflow and sediment inflow. Williams (1993) categorized the relations into five major classes according to the ratios of sediment concentration to water discharge in the hydrologic events, including single-valued, clockwise loop, counterclockwise loop, single-valued relation plus a loop, and figure eight. Megnounif et al. (2013) claimed that the most frequent floods are clockwise loop and counterclockwise loop. Unfortunately, the influence of the inflow relationship on the sediment flushing operation or operating policy is unclear.
In previous studies, the framework of real-time reservoir operation for sediment flushing during a flood event has never been well studied, and a more general reservoir operating policy should be declared. Therefore, the purpose of this study is to develop a simplified model to optimize the real-time reservoir operation for sediment flushing during flood events under the consideration of water storage, and propose a reservoir operating policy. Based on real-time inflow forecasting, the operational model dynamically determines the optimal water release by SDP with the assumption of uniform spatial distribution of concentration. The uncertainties of both inflow discharge and sediment inflow are represented by an ensemble of possible inflow in the future. To discuss the affection of the relationship between inflow and sediment inflow on the sediment flushing operation and carry out the reservoir operating policy, the model is applied in four inflow types. Then two case studies are presented in the Shihmen Reservoir to evaluate the performance of the model and demonstrate the effectiveness of the operational policy.
2. MODEL FORMULATION
2.1 Model Description
The operation model aims to find the appropriate time to discharge and determine the optimal release policy to flush out sediment as much as possible in a flood event considering water storage. This model assumes a single reservoir with effective capacity (Smax), storage (St-1) and concentration (Ct-1), the inflow discharge (It) and its concentration (CIt) varies with time, and we need to decide water release Rt in each time period to flush out sediment under the uncertain inflow conditions (Fig. 1). The storage S can be obtain by the continuity equation 
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where i indicates the inflow prediction event, and Iti is the measured inflow It. To simplify the problem of sediment distribution, this research assumes the concentration distribution to be uniform in space. Hence, the reservoir concentration C can be expressed as


, .       (2)
Then the model determines the optimal water release by solving the objective function considering with inflow prediction to ensure that the storage at the end of the flood event can refill to the objective storage (Sobj) and to avoid overflow. Because that the release decisions depend on uncertain inflow data, this study uses stochastic programming to solve the problems. First, we develop the model in two-stage stochastic programming to illustrate the form of the objective function and study its properties, then extend the model to long term operation by rolling decision making. Finally, we reform the model in multi-stage stochastic programming to improve the decision-making ability.
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Fig. 1. Description of the model decision process.
2.2 Two-stage Stochastic Programming
In two-stage stochastic programming (TSP), the decision is first made without full information and the uncertainties (random events) are excluded, which is first-stage decision. After the random events are known, the second-stage decision is taken with the result of first-stage decision and uncertainties in second stage to optimize the objective function (Birge et al., 1997; Li et al., 2005). In this study, to discharge sediment as much as possible, the objective function is the maximization of total sediment outflow in two stages, and the decision variables are the water release in each stage. Hence, the formulation of the two-stage model can be expressed as equation 3:

,         (3)
where the first-stage release decision (Rt) is determined by the reservoir initial data (St-1, Ct-1) and measured inflow data (It, CIt) in current period, and the second-stage release decision (Rt+1) is influenced by the result of first-stage decision (St, Ct) and forecasted inflow event i (It+1i, CIt+1i) in next period.
The physical constraints define the upper and lower bounds of the storage and water release. The storage in each stage ranges from 0 to full capacity (Smax), which can be written as
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and

,             (5)
where τ = t , t+1. Water release in each stage is not less than 0, that is

.                 (6)
It should be noticed that constraints 4 to 6 must be satisfied in each inflow event i in second stage (τ = t+1).
2.3 Rolling Decision Making with Two-stage
Reservoir operation is a series decision making for water release over time, which depends on reservoir state and forecasted inflow. Though the reservoir state varies with release decisions and inflow data in the future is difficult to forecast, decisions can be made by rolling procedure. Sethi and Sorger (1991) and Ryan (1998) described the procedure as following statements. At initial period, the decision maker knows the previous and current information of the system, and forecasts future information in following periods, then makes and implements decisions. After a certain time, that is the second period, the information data are updated and forecasts for additional periods are needed, and the process repeats in every periods.
This study extends the two-stage stochastic programming to long-period operation by rolling procedure as the above statements. The known data, including the previous and current information, are the reservoir state and measured inflow data in the current period. First, the model generates an ensemble of possible inflow data sets i in later stages with the normal probability distributions, where the standard deviations increase with time then maintain as constant values after a certain time. Then the model solves the optimization problem to determine the optimal release decision in current period by equations 3 to 6. To ensure the water storage and guarantee that the storage will not be too low after the flood event, equation 7 is added to the constraints:

   (7)
The storage in second stage (Sτ+1) has to be greater than or equal to the objective storage (Sobj) in all forecasted inflow events, otherwise the water release should be zero, which indicates that the release operation will be implement as the storage in second stage can exceed Sobj in all predicted inflow event, especially the minimum inflow discharge event (Imint+1). Afterwards, the process repeated to the end of the flood event.
Owing to the limitation of inflow prediction in two-stage model which determines the water release based on known data in first stage and inflow forecasts in second stage, the influence of inflow in later stages to the release decision are neglect, and the water release is restricted to a certain value to ensure the water storage, however, reducing the flushing efficiency. Therefore this study develops a multi-stage stochastic programming model to enhance the performance in next section.
2.3 Multi-stage stochastic programming
In each time period t, the multi-stage model measures the current reservoir storage and concentration, and obtains the prediction of inflow discharge and concentration from the next stage t+1 to the final stage T for stochastic programming. To maximize the total amount of sediment flushing, the optimal water release in time period t is decided by the objective function as equation 8,

,(8)
where t is the current time period (t=1~T), T is the end period of the flood event, R is the water release, C is the reservoir concentration in each stage shown as equation 2. The constraints include the upper and lower bounds of storage and release decisions as equations 4 to 6. To ensure the water storage at the end of the flood event, equation 9 is used to limit the storage at the end of the flood to be greater than or equal to the objective storage Sobj.

             (9)
Although the equations seem to be clear and simple, the calculation is very complex and consumes a lot of time. Therefore, we simplified the objective function by backward method to equation 10. The result suggests that the release decision mainly depends on the relationship between reservoir concentration and inflow concentration.
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Equations 11 to 14 are the upper and lower bounds of the storage and release. To obey the purpose that the water storage at end period would not be too low especially in the forecasted inflow events with minimum inflow, we rewrite equation 9 to equation 13 that the summation of storage and the minimum predicted inflow discharge in later stages is restricted to be greater than or equal to objective storage.

3. NUMERICAL EXPERIMENTS
3.1 Flood Events
To analyze the performance of the operational model and the influence of inflow relations between inflow discharge and concentration to the operation decision, we apply the model to four assumed flood events with frequent inflow hydrograph (Fig. 2) which categorized by Williams in 1993. Total inflow discharge in single flood event is often equal to the reservoir capacity in Taiwan, therefore the ratios of total inflow discharge to the capacity in four inflow types are 1 to 1. The objective storage is set to 80 percent of the reservoir capacity.
 
 
Fig. 2. Flood events with four inflow relations: (a) single-valued, (b) clockwise loop, (c) counterclockwise loop, and (d) figure eight.
This study uses two indices to evaluate the performance of the model. One is flushing efficiency (F.E.), total sediment outflow divided by total sediment inflow, and the other is the storage at the end of the flood event, Sfinal.
3.2 Two-stage Model
We first apply the two-stage model in four flood events. Fig.3 displays the four model operation results. 




Fig. 3. The optimal release policy of inflow four inflow types operating by two-stage model.
It is interesting that the reservoir operations are nearly the same. The storage raises to the Smax first, then remains as high water level as possible for a certain period. As the reservoir concentration reaches to the maximum value, the operation discharges the maximum available water release for sediment flushing, and the storage drops down to a lower level. After that, the storage gradually rises up and achieves to Sobj at end period. During the operation, the reservoir might store water again after flushing sediment as a result of larger inflow concentration, which can be seen in the operation result in inflow type D.
Table 1 presents the final storage and flushing efficiency of four inflow types. According to the table, the storage can refill to 80 percent of the reservoir capacity after the flood event in all inflow types. Consistent with Shen’s inference in 1999, the flushing efficiency varies with the relations between inflow discharge and concentration. Compared with the four inflow types, the flushing efficiency of inflow type B, which is 0.93, is the best because that high inflow concentration appeared before the inflow peak, and reservoir could release turbid inflow then stored clear water. Owing to the limitation of inflow prediction in two stage model and the avoidance of water shortage, the water release is restricted to a certain value to ensure the water storage, however, reducing the flushing efficiency. To enhance the performance of the model, the multi-stage model is applied in next section.
Table 1. The final storage and flushing efficiency of 4 inflow types operating by two-stage model.
	Inflow type
	

	

	Flushing efficiency

	A
	0.8
	1
	0.90

	B
	0.8
	1
	0.93

	C
	0.8
	1
	0.85

	D
	0.8
	1
	0.87


3.3 Multi-stage Model
	In the results of four numerical experiments (Fig. 4), the reservoir operations are nearly the same as the results operating by two-stage model. The release policy is suggested to be operated in four steps:
	Step 1.  Store water to fill the reservoir as the reservoir concentration is low.
	Step 2.  Maintain the full reservoir capacity before the arriving of peak reservoir concentration.
	Step 3.  Release the maximum available water release to flush out sediment after the peak of the reservoir concentration.
	Step 4.  Refill the reservoir.
	The release peak occurs when the reservoir concentration rises to the maximum value because that the reservoir discharges as much volume as possible for sediment flushing at this time period. Generally, the reservoir concentration gradually declines after that to the end, and the reservoir refills the water to the objective storage. In some cases, for example, inflow type D, the reservoir concentration climbs again due to the higher inflow concentration, and the reservoir operation will reiterate the operation from step one to four till the end of the flood.




Fig. 4. The optimal release policy of inflow four inflow types operating by two-stage model.
	Comparing the flushing efficiency in four inflow types (Table 2), the flood type B performs the best, which conforms to the result in previous section. Owing to the superior ability of inflow prediction, the achievement of multistage operation model is better than the two-stage operation model. We also change the objective storage to 90 and 100 percent of the reservoir capacity, and the operation in four inflow types obey the four-steps operational policy; however, higher objective storage results in lower flushing efficiency. Generally, high initial storage induce to good performance. In experiments, flushing efficiency is range from 0.5 to 0.6 as the initial storage is up to 70 percent of capacity.
Table 2. The final storage and flushing efficiency of 4 inflow types operating by multi-stage model.
	Inflow type
	

	

	Flushing efficiency

	A
	0.8
	1
	0.93

	B
	0.8
	1
	0.95

	C
	0.8
	1
	0.87

	D
	0.8
	1
	0.88


4. CASE STUDY
4.1 Description of the Shihmen Reservoir
The Shihmen Reservoir, completed in 1964, is located in Taoyuan County in northern Taiwan, which features in irrigation, hydroelectricity generation, flood control and water supply regulation. The area of the Shihmen Reservoir watershed is about 763.4 square kilometers, impounding water with the upstream reaches of the Dahan River. The annual precipitation, about 2,350 millimeter, mainly concentrates in May to October, the plum rain season and typhoon season. Although rainy season could solves the problem of water shortage, torrential rain usually brings quantities of sediment into the reservoir and causes serious deposition problem. The original design capacity of the reservoir is about 309 million cubic meters; however, sedimentation reduces the active capacity to 201 million cubic meters, nearly 35 percent reduction (Water Resources Agency, 2015). To decrease the sedimentation, NRWRO (Northern Region Water Resources Office, WRA) rebuilt one of the hydro plant intake to the sediment venting tunnel and extended the discharge to 300 cms for sediment flushing in 2012, and planned to construct the other two bypass tunnels to prevent sedimentation. In July in 2013, the Shihmen Reservoir first operated the sediment venting tunnel during Typhoon Soulik, the operators opened the tunnel for sediment removal when the turbidity current passed the hydro plant intake and successfully flushed out 3.2 million tons of sediment, which was nearly four times as much as annual sediment removal by dredging and excavation in the previous year. To further confer the appropriate operation for sediment flushing in the Shihmen Reservoir, we apply the optimal operation model during Typhoon Soula and Typhoon Soulik. In each case, the maximum release discharge is less than 13,800 cms, which is the maximum spillway discharge in the Shihmen Reservoir.
4.2 Typhoon Saola
Typhoon Saola encroached on Taiwan in 2012 during July 31 to August 3 and made landfall twice, which resulted in abundant precipitation in northern Taiwan, creating 493.11 million cubic meters of total reservoir inflow and 7.65 million tons of total sediment discharge. The peak inflow with 5,588.54 cms appeared in the middle of the flood process, which was the same as the occurrence time of peak sediment inflow discharge. Figure 5(a) shows the historical operation of the Shihmen Reservoir during Typhoon Saola, the operation did not consider with sediment flushing, which was close to the inflow discharge as a result of high initial storage (83 percent of reservoir capacity). The release operation continued to August 5 because that the turbidity was too high to supply water after the flood event. Hence the total operating time was 116 hours while the all flood process was only 80 hours. At the end of the typhoon, the storage refilled to 189 million cubic meters, which is 90 percent of the effective reservoir capacity, and the flushing efficiency is 0.15.
Figures 5(b) displays the operating results of the model. The release operation for sediment flushing conforms to the 4 steps operational policy: 1) storing water to the full capacity, 2) maintaining the storage, 3) discharging for sediment flushing as the reservoir concentration rises to maximum, then 4) refilling to the objective storage. In figure 5(c), the reservoir concentration obviously decreases after the release operation in virtue of flushing sediment and storing clear inflow discharge. The total operating time is 80 hours, which is the same as whole flood process. Though the operating time is shorter than historical operating tine, the final storage can reach to the historical record (90 percent of full capacity) and the flushing efficiency is up to 0.68, which is 4 times more than that of the historical operation (Table 3).
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Fig. 5. (a) The temporal graph and historical operation of Typhoon Saola. (b) Release operation obtained by the model, and storage against time. (c) Reservoir concentration against time.
4.3 Typhoon Soulik
	In July 12 to 14 in 2013, Typhoon Soulik intruded Taiwan, inducing 264 million cubic meters of total reservoir inflow with peak flow 5,458 cms to the Shihmen Reservoir. Though the rainfall was not as heavy as Typhoon Saola, the high inflow concentration still caused large amount of sediment, about 9.22 million tons, flowing into the reservoir. Figure 6(a) illustrates the historical operation. The operators opened the sediment venting tunnel twice for 8 hours sediment removal. The first time is at the rising limb of the inflow after the turbidity current passed the hydro plant intake. The second time is after the typhoon leaved due to high reservoir concentration, which might result in water shortage. The total amount of sediment flushing was 3.23 million tons, and the flushing efficiency was up to 0.34, which was twice as the average flushing efficiency (0.15~0.17) in previous typhoons that had not started using the sediment venting tunnel. However, the total operating time was 114 hours long, and total water release was up to 252 million cubic meters.
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Fig. 6. (a) The temporal graph and historical operation of Typhoon Soulik. (b) Release operation obtained by the model, and storage against time. (c) Reservoir concentration against time.
In contrast with historical operating time, total operational period in the operation model is only 86 hours. The operation mainly concentrates on sediment flushing in 3 hours when the reservoir concentration rises to the maximum, which is the largest release peak in figure 6(b). The second largest release peak is to ensure the dam safety and keeps the storage at full capacity. After sediment flushing, the storage progressively refills to the objective storage by storing clear water, and the reservoir concentration gradually decreases. In this case, the operating process is accordance with the 4 steps reservoir operational policy. At the end of the flood event, the result of final storage approximates as historical record (84 percent of reservoir capacity); however, the total amount of sediment flushing (5.5 million tons) and flushing efficiency (0.59) are close to twice as that of the historical operation (Table 3).
Table 3. Simulated results of water storage and flushing efficiency for two typhoons.
	Typhoon
	Saola
	Soulik

	Total inflow (108 m3)
	4.93
	2.64

	Total sediment inflow (106 ton)
	7.65
	9.22

	Final storage (108 m3)
	Historical
	1.89
	1.76

	
	Model
	1.88
	1.76

	Total sediment discharge
(106 ton)
	Historical
	1.15
	3.23

	
	Model
	5.18
	5.41

	Flushing efficiency
	Historical
	0.150
	0.343

	
	Model
	0.677
	0.590


This chapter applied the operational model to real flood events to investigate the performance and efficiency of the operational rule. In contrast to the historical operation, the model provided better operation that flushing sediment concentrated in few hours as high reservoir concentration, and resulted in shorter operating time and better flushing efficiency under the expectation of reaching the storage of historical record after the flood event. In two cases, the flushing efficiency are greater than 0.5, which are much better than historical flushing efficiency (0.15~0.17 in average). Consequently, the operational model had good performance applying to real flood events. The operation, coinciding with the previous reservoir operational policy that releasing quantities of water as high reservoir concentration, conduces to water storage and also promotes the sediment flushing.
5. CONCLUSIONS
This study proposed an optimal operation model to determine the release discharge during a flood event with the purposes of water storage and sediment flushing. The operational model first obtained the prediction of the inflow data, including the probability distribution of inflow discharge and concentration, then maximized the total sediment flushing discharge in the whole operating period on the basis of inflow prediction data and current state of the reservoir to determine the optimal water release in current time step under the expectation that the storage at end period would not be less than an objective storage to ensure water supply in the future. Considering with the inflow uncertainty, the operation model used stochastic programming to solve the objective function. To shorten the computation time, the objective function was simplified to a more effortless form. Established model by backward method, then was applied in numerical experiments with four cases which had different inflow relations between inflow discharge and concentration. According to the numerical experiments with four inflow types, the reservoir operational policy could be generalized to four steps: 
(1) storing water to full capacity first,
(2) then maintaining the storage as high water level as possible,
(3) as the reservoir concentration arises to the maximum, discharging available water release as much as possible for sediment flushing,
(4) finally, restoring reservoir to objective storage.
Generally, the flushing efficiency is range from 0.5 to 0.6 as the initial storage is up to 70 percent of capacity and the total inflow is equal to or larger than the reservoir capacity. In the results of the numerical experiments, the flushing efficiency of inflow type B is the best, which could release turbid inflow in early stages and keep clear water later. This finding is in agreement with Shen’s statement.
	In Taiwan, the present reservoir operation during a flood event is mainly for flood control and water storage. As the water level is too high, the outlets will be opened to spill water for maintaining water level in the flood control zone. The reservoir sedimentation problem mainly solves by dedredging and excavation, which yearly remove 0.8 million tons of sediment in average in the Shihmen Reservoir. According to this study, releasing water concentrated in few hours when the reservoir concentration rises to the maximum can successfully remove up to 5 million tons of sediment in a large flood event (total inflow is nearly equal to or larger than the reservoir capacity), which is more effective and low cost. Besides, water storage can also be ensured. In case studies, the flushing efficiency ranges between 0.5 and 0.7, which is much more than historical operational results (0.15~0.3). However, the flushing efficiency is significantly affected by reservoir capacity (or the ratio of total inflow discharge to reservoir capacity).
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(a) Inflow Type A
Inflow Discharge	20	25	30	40	50	60	70	80	90	95	90	80	70	60	50	40	30	25	20	20	Sediment Concentration	5	10	15	20	25	30	35	40	45	50	45	40	35	30	25	20	15	10	5	5	time (hr)

I (x103 m3/hr)

CI (x102 mg/L)


(b) Inflow Type B
Inflow Discharge	20	25	30	40	45	50	55	60	65	70	75	80	85	90	95	80	65	50	35	20	Sediment Concentration	5	10	20	35	50	48	45	42	38	35	32	29	26	23	20	17	14	11	8	5	time (hr)

I (x103 m3/hr)

CI (x102 mg/L)


(c) Inflow Type C
Inflow Discharge	20	35	50	65	80	95	90	85	80	75	70	65	60	55	50	45	40	30	25	20	Sediment Concentration	5	8	11	14	17	20	23	26	29	32	35	38	42	45	48	50	35	20	10	5	time (hr)

I (x103 m3/hr)

CI (x102 mg/L)



(d) Inflow Type D
Inflow Discharge	20	25	30	40	50	60	70	80	90	95	90	80	70	60	50	40	30	25	20	20	Sediment Concentration	5	13	25	36	48	61	64	53	42	31	35	38	45	51	56	50	38	25	16	10	time (hr)

I (x103 m3/hr)

CI (x102 mg/L)



(a) Inflow Type A
I (m3/hr)	20000	25000	30000	40000	50000	60000	70000	80000	90000	95000	90000	80000	70000	60000	50000	40000	30000	25000	20000	20000	S (m3)	170000	195000	200000	200000	200000	200000	200000	200000	200000	200000	200000	91653.965155621874	101635.4357273725	111646.3847918032	121664.58354556261	131664.24684792871	136647.5707907647	141681.2020511548	141646.80842708269	160000	R (m3/hr)	0	0	25000	40000	50000	60000	70000	80000	90000	95000	90000	188346.03484437813	60018.529428249371	49989.050935569307	39981.801246240582	30000.336697633906	25016.676057164004	19966.368739609898	20034.393624072109	1646.8084270826948	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	1000	1500	2000	2500	3000	3500	4000	4500	5000	4500	4000	3500	3000	2500	2000	1500	1000	500	500	C_(t)	67.647058823529406	187.17948717948718	362.22222222222223	635.18518518518522	1008.1481481481482	1467.8062678062677	1994.6713094861243	2567.6223639186605	3167.3257682197659	3757.5089954032314	3987.9372382091251	3991.3837415779462	3778.602929939068	3489.5810605320439	3183.48666138832	2890.6614462589291	2632.5966966237661	2380.1034657268747	2147.5342564588705	1943.6905465223324	time (hr)

Storage (m3)  ;  Discharge (m3/hr)

x103
Concentration (mg/L)

x103

(b) Inflow Type B
I (m3/hr)	20000	25000	30000	40000	45000	50000	55000	60000	65000	70000	75000	80000	85000	90000	95000	80000	65000	50000	35000	20000	S (m3)	170000	195000	200000	200000	200000	200000	200000	200000	200000	86630.637626619719	81623.059729719796	76616.21284468098	71637.954980272363	66651.811210484782	81630.015260136192	96654.535229433415	111670.4151719345	126635.9678235559	141641.53877676639	160000	R (m3/hr)	0	0	25000	40000	45000	50000	55000	60000	65000	183369.36237338028	80007.577896899922	85006.846885038816	89978.257864408617	94986.143769787595	80021.795950348605	64975.480030702776	49984.12005749892	35034.447348378591	19994.429046789501	1641.5387767663924	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	1000	2000	3500	5000	4800	4500	4200	3800	3500	3200	2900	2600	2300	2000	1700	1400	1100	800	500	C_(t)	67.647058823529406	187.17948717948718	428.88888888888891	940.74074074074076	1686.318972033258	2309.0551776266066	2781.6119040208678	3108.932233862206	3278.4394217827967	3335.8810531724416	3272.8293994910687	3088.2867234078185	2831.4785062176793	2535.5513177956955	2220.8169834903142	1963.0346736132367	1736.6429195376795	1539.7476128544445	1379.5656508905781	1270.7364900762539	time (hr)

Storage (m3)  ;  Discharge (m3/hr)

x103
Concentration (mg/L)

x103

(c) Inflow Type C
I (m3/hr)	20000	35000	50000	65000	80000	95000	90000	85000	80000	75000	70000	65000	60000	55000	50000	45000	40000	30000	25000	20000	S (m3)	170000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	121638.31403930229	131659.0271924946	136635.70870477191	141622.69136642909	160000	R (m3/hr)	0	5000	50000	65000	80000	95000	90000	85000	80000	75000	70000	65000	60000	55000	50000	123361.68596069771	29979.286846807692	25023.318487722685	20013.017338342815	1622.6913664290914	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	800	1100	1400	1700	2000	2300	2600	2900	3200	3500	3800	4200	4500	4800	5000	3500	2000	1000	500	C_(t)	67.647058823529406	192.6829268292683	374.14634146341467	625.77082374597342	932.69344553283815	1276.4023359544665	1594.0705765203218	1894.0846151019798	2181.4890107871283	2459.2647351179116	2729.0849889762308	2991.7622558311173	3270.5863506393207	3535.754000501428	3788.6032004011427	4011.1046533886879	3884.6235881965795	3534.8830965717339	3142.8157871751287	2815.7805466613609	time (hr)

Storage (m3)  ;  Discharge (m3/hr)

x103
Concentration (mg/L)

x103

(d) Inflow Type D
I (m3/hr)	20000	25000	30000	40000	50000	60000	70000	80000	90000	95000	90000	80000	70000	60000	50000	40000	30000	25000	20000	20000	S (m3)	170000	195000	200000	200000	200000	200000	200000	200000	66633.517901232291	71663.046496864001	161663.046496864	200000	200000	200000	200000	131661.2482076977	136641.99801196801	141671.1273589567	141656.7114937233	160000	R (m3/hr)	0	0	25000	40000	50000	60000	70000	80000	223366.48209876771	89970.471404368291	0	41663.046496864001	70000	60000	50000	108338.7517923023	25019.250195729692	19970.870653011316	20014.415865233401	1656.7114937232982	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	1300	2500	3600	4800	6100	6400	5300	4200	3100	3500	3800	4500	5100	5600	5000	3800	2500	1600	1000	C_(t)	67.647058823529406	225.64102564102564	528.88888888888891	1040.7407407407409	1792.5925925925926	2786.6096866096864	3723.4145826738418	4173.8675590527437	4181.9776269329268	3546.045947085202	3520.4115468467498	3612.9663522938054	3842.9380387361521	4133.0292605662717	4426.4234084530171	4522.0195070441805	4388.0320149799318	4096.0237438930853	3787.2458211225971	3442.4106707142805	time (hr)

Storage (m3)  ;  
Discharge (m3/hr)

x103
Concentration (mg/L)

x103


(a) Inflow Type A
I (m3/hr)	20000	25000	30000	40000	50000	60000	70000	80000	90000	95000	90000	80000	70000	60000	50000	40000	30000	25000	20000	20000	S (m3)	180000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	0	0	0	34872.666721343005	72572.708767633303	100457.04247013721	123460.36291182609	141645.00337484939	160000	R (m3/hr)	0	5000	30000	40000	50000	60000	70000	80000	90000	95000	90000	280000	70000	60000	15127.333278656994	2299.9579537097015	2115.6662974960927	1996.6795583111234	1815.359536976699	1645.0033748493879	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	1000	1500	2000	2500	3000	3500	4000	4500	5000	4500	4000	3500	3000	2500	2000	1500	1000	500	500	C (mg/L)	64.444444444444443	178.53658536585365	350.90137857900316	625.75114881583602	1000.6009190526688	1462.0007069635915	1990.3708940471049	2564.5506386050752	3165.207336969017	3756.0727708264521	3986.9467385010012	3990.6762417864288	3500	3000	2500	2232.879822827269	2018.530460809096	1815.5664739425279	1632.1616020684612	1492.0816022625884	time (hr)

Storage (m3)  ;  Discharge (m3/hr)

x103
Concentration (mg/L)

x103

(b) Inflow Type B
I (m3/hr)	20000	25000	30000	40000	45000	50000	55000	60000	65000	70000	75000	80000	85000	90000	95000	80000	65000	50000	35000	20000	S (m3)	180000	200000	200000	200000	200000	200000	200000	200000	200000	0	0	0	0	0	0	0	60447.613509989402	108507.6432699232	141656.7114937233	160000	R (m3/hr)	0	5000	30000	40000	45000	50000	55000	60000	65000	270000	75000	80000	85000	90000	95000	80000.000000000015	4552.3864900105982	1939.9702400662063	1850.9317761998975	1656.7114937232982	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	1000	2000	3500	5000	4800	4500	4200	3800	3500	3200	2900	2600	2300	2000	1700	1400	1100	800	500	C (mg/L)	64.444444444444443	178.53658536585365	416.11876988335098	930.09897490279252	1677.6318162471775	2302.1054529977418	2776.1611396060721	3104.7393381585171	3275.2749721951072	3333.53701644082	3200	2900	2600	2300	2000	1700	1400	1264.189007590976	1150.97820644134	1070.4398606558493	time (hr)

Storage (m3)  ;  Discharge (m3/hr)

x103
Concentration (mg/L)

x103

(c) Inflow Type C
I (m3/hr)	20000	35000	50000	65000	80000	95000	90000	85000	80000	75000	70000	65000	60000	55000	50000	45000	40000	30000	25000	20000	S (m3)	180000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	200000	52618.903662942001	90447.613509989402	118507.6432699232	141656.7114937233	160000	R (m3/hr)	0	15000	50000	65000	80000	95000	90000	85000	80000	75000	70000	65000	60000	55000	50000	192381.096337058	2171.2901529525989	1939.9702400662061	1850.9317761998973	1656.7114937232982	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	800	1100	1400	1700	2000	2300	2600	2900	3200	3500	3800	4200	4500	4800	5000	3500	2000	1000	500	C (mg/L)	64.444444444444443	184.18604651162789	367.3488372093023	620.64063185607722	929.02902275434099	1273.9179815283667	1592.357228640253	1892.8822657124583	2180.6301897946128	2458.640138032446	2728.6223244684784	2991.4130750705499	3270.3177500542693	3535.5433333758974	3788.434666700718	4010.9670748577287	3790.2920054497654	3344.3822974999389	2935.975078887479	2634.598778902302	time (hr)

Storage (m3)  ;  Discharge (m3/hr)

x103
Concentration (mg/L)

x103

(d) Inflow Type D
I (m3/hr)	20000	25000	30000	40000	50000	60000	70000	80000	90000	95000	90000	80000	70000	60000	50000	40000	30000	25000	20000	20000	S (m3)	180000	200000	200000	200000	200000	200000	200000	200000	0	95000	185000	200000	200000	200000	200000	72629.719624783029	100443.1883519619	123447.39549850349	141665.94728309519	160000	R (m3/hr)	0	5000	30000	40000	50000	60000	70000	80000	290000	0	0	65000	70000	60000	50000	167370.28037521697	2186.5312728211284	1995.7928534584062	1781.4482154083089	1665.9472830951854	Sobj	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	160000	CI (mg/L)	500	1300	2500	3600	4800	6100	6400	5300	4200	3100	3500	3800	4500	5100	5600	5000	3800	2500	1600	1000	C (mg/L)	64.444444444444443	215.1219512195122	513.14952279957583	1027.62460233298	1782.0996818663841	2778.5382168202955	3717.435716163182	4169.5969401165585	4179.0323724941782	3100	3294.5945945945946	3447.1698113207549	3720.1257861635222	4038.5582970488631	4350.8466376390907	4459.0388646992424	4266.393244958088	3914.3627225828845	3591.6851703638163	3271.062897842135	time (hr)

Storage (m3)  ; 
Discharge (m3/hr)

x103
Concentration (mg/L)

x103
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