www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates
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reservoir storage maintenance and
desiltation operations
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Taking a representative reservoir storage conservation area, Taiwan as an example, the average
volume of sediment accumulated in reservoirs has reached one-third of the original designed capacity.
This has posed challenges to the utilization of water resources. Therefore, understanding the

behavior of sediment transport into reservoirs is crucial for effective reservoir desilting operations.
This study applies a practical turbidity current model to investigate the variations in velocity and
sediment concentration during the transport of turbid inflows within the reservoir. This enables the
estimation of sediment discharge at various outlet works and facilitates the optimization of sediment
flushing strategies. The model is validated through numerical simulations based on historical typhoon
events. Then, proposes a three-stage approach, including the travel pattern, the updated operation
suggestion, and the economic evaluation to combine a cost analysis utilizing mechanical dredging and
public water supply employed as a principal countermeasure. Most importantly, this research presents
the most convenient and cost-effective way of managing reservoir water resources to take care of both
desilting and storage during typhoons. Additionally, the preliminary concept is proposed that real-time
prediction can be developed in the field reservoir by using the numerical method in the future.
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Reservoir sedimentation is a critical challenge worldwide, significantly impacting water storage capacity, flood
control, and hydropower generation. The continuous accumulation of sediment reduces reservoir lifespan and
threatens sustainable water resource management. This study aims to grasp the sedimentation processes and
formulate a proper release strategy to mitigate reservoir deposition effects. Resisting the sediment flow into the
reservoir zone is a common approach; check dams are often built upstream of the reservoir to decrease sediment
inflow proportion and maintain reservoir storage capacity' . Dredging is regarded as a removal approach that
excavates sediment from the reservoir during regular periods, except during typhoons, and slightly extends the
reservoir lifespan®~¢. The construction of a bypass tunnel is considered a suitable sediment release strategy to
operate during typhoons because the sediment could be passed through the tunnel to the downstream river
and avoid the sediment deposit on the reservoir bed’~°. Note that these approaches are often applied in field
reservoirs to prolong reservoir life. However, a common feature is that these methods need time, manpower,
and investment. For example, check dams sometimes are insufficient to store sediment, and deposited sediment
has to be removed to maintain the sediment trap ability of the dam; bypass tunnel construction requires a large
amount of money and time, and maintenance fees have to be considered after it operates; the dredge engineering
have the manpower, and environmental issues, the removing efficiency often insufficient to follow the reservoir
deposition rate!®!!,

Technical speaking, the function of the existing reservoir outlet not only includes water level adjusting,
agricultural irrigation, and hydropower generation but also can be further operated to release inflow sediment
during flooding!*"!”. Notably, the sediment transportation pattern significantly differs between the mountain
river and the reservoir area. The typhoon event causes enormous runoff; an approaching supercritical flow
could happen from upstream. Finally, the hyper-concentration fluid transforms to the subcritical flows in the
reservoir due to the deep water and broad cross-section!®!°. Most importantly, the subcritical flow will further
convert into a unique flow pattern because the hyper-concentration material contacts the surrounding water in
the reservoir, and the density matches the plunge condition to produce it, the turbidity current flow. Besides,
the inflow material generates a significant interface between upper water and downer sedimentation when it
passes through the plunge point. A double-layer flow emerges and moves to the dam front**~22. Undoubtedly,
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understanding the movement of turbidity current is an important topic in providing sediment release timing
for reservoir management. Adopting a practical tool to conduct the turbidity current flow investigation is the
primary mission, and the related references are shown below.

Collecting the measurement data is a direct way to investigate the density current flow. The travel pattern,
sediment concentration, and material amount of turbidity were adopted in different papers, and the research
results can be provided for the calibration and validation data of other tools?*~2%. The physical model is a widely
adopted approach to grasp the turbidity current flow. The flume experiment or the down-scale model often be
applied to understand the flow pattern of the turbidity current. Sediment desilitation can be formulated using
the experiment outcome to maintain reservoir sustainability?*?*-32. Apart from the measurement methods and
physical model, the numerical model is technically regarded as a consistent and practical analysis approach for
turbidity current flow. Additionally, the 2-D model is considered a suitable model for studying the turbidity
current flow of the field reservoir, because it includes the advantages of the simulation efficiency from the 1-D
model and the accuracy from the 3-D model*-3,

While 3D models provide higher accuracy in capturing vertical variations, the 2D layer-averaged model
remains widely used in reservoir studies due to its computational efficiency and practicality in large-scale
simulations. Previous studies have demonstrated that the 2D model effectively captures the horizontal movement
of turbidity currents, which is the primary focus of this study. Such as, Hu et al.** adopted the 2-D turbidity
currents model to investigate the turbidity current transport rate in the field site reservoir. The results indicated
that it could be a valuable tool for operating the sluice gates to release excess sediment from the reservoir.
Huang et al.** and Lee and Huynh Nguyen?! found that the 2-D model is capable of predicting the movement
of turbidity current toward the dam face and the sluicing out of outlets at different elevations and is valid and
practical for field applications. The study also established guidelines for suitable sensitivity parameter ranges
in the field site and presented that the mesh size and drag coefficient are crucial parameters that need to be
taken into consideration. Anari et al.*? indicated that the 2-D model is appropriate for simulating the horizontal
movement of the turbidity current, especially the release behavior near the reservoir sluice gates. The most
important is that considering sediment transportation in reservoir management is crucial for ensuring reservoir
storage sustainability.

Above all, a numerical model is a proper tool for studying turbidity current behavior, including the flow
pattern, sediment concentration, and releasing amount. Note that the 2-D model incorporates the computing
efficiency of the 1-D and simulating accuracy of the 3-D model. It can be adapted to help reservoir management
grasp the dynamics of turbidity currents and make informed decisions to maintain the reservoir storage
capacity. This study focuses on the practical reservoir operation in a field area to simulate the turbidity current
characteristic and formulate suitable sediment treatment strategies. Firstly, the moving velocity of the turbidity
current needs to be addressed to grasp the current location; the inflow discharge and sediment concentration are
determined as crucial factors and discussed below. Then, the releasing ability of different sluice gates is another
critical topic. This study presents the reasonable sediment releasing amount results during different historical
typhoons to further prove the simulation is creditable to apply to formulate the proper desiltation strategy.
The operation timing of the sluice gate is a critical issue for achieving sufficient releasing efficiency. The proper
timing should consider the turbidity current movement to operate the sluice gate, and the inflow sediment can
be released to maintain the reservoir ability. The most important is that the turbidity current transportation
could be predicted, and formulate an appropriate sluice gate operation approach to take care of both reservoir
desiltation and water supply during flood duration based on the guideline rule and value presented in this
research. Note that the current reservoir operation method focuses on reservoir desiltation or water storage, but
challenging to consider both of them. This study aims to develop a real-time response approach for reservoir
sediment management by utilizing a turbidity current numerical model. The proposed approach makes three
major contributions:

(i) Developing a real-time response system that integrates historical data with numerical models, enabling
adaptive sediment management;
(ii) Proposing an optimized turbidity current release strategy that balances sediment flushing and water con-
servation during extreme hydrological events;
(iii) Introducing a cost-effective framework that combines mechanical dredging with hydraulic desilting, pro-
viding a practical and scalable solution for reservoir sediment management.

By bridging the gap between numerical modeling and real-time sediment management, this study provides
a practical approach for improving reservoir desiltation efficiency, extending reservoir lifespan, and ensuring
sustainable water resource utilization.

Methods
Study area
The idea of building a dam to store water resources in the Shihmen Gorge has existed since 1902 and started
construction in July 1956 then lasted 8 years and was officially completed. Shihmen Reservoir is a multi-
functional reservoir located in Taoyuan City, Taiwan, East Asia, and operated in 1964. The total length of the
Shihmen Reservoir is 16.2 km, and the watershed area is 763.4 km?. Although the original design capacity of the
reservoir was about 309 million m* which ranked 3rd storage capacity in Taiwan, observations during several
serious typhoon events have proven that the lifespan of Shihmen Reservoir has been overestimated. The original
estimated deposition amount should be 48 million and now is two times overreach to 101 million m>.

There are six major sluice gates for various functions: spillway, spillway tunnel, Shihmen canal, power
generation intake, modification tunnel, and permanent river outlet. The specific description shows below, and
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the location and information as shown in Fig. 3. (i) spillway: the purpose of the spillway is to release the inflow
discharge to prevent the dam break during the typhoon period. In addition, the current outflow discharge is
11,400 m?/s.; (ii) spillway tunnel: the concept of the spillway tunnel was a response to the massive flooding,
which threatened the safety of the dam; two parallel drainage tunnels were added in 1984. The outflow discharge
of the spillway tunnel is 2400 m?/s; (iii) Shihmen canal: the Shihmen Canal is a vertical tower-shaped structure
that enters the downstream channel system through the gate chamber. It supplies downstream irrigation and
domestic demand. The maximum discharge flow rate of the Shihmen Canal is 18.4 m%/s; (iv) power generation
intake: the power generation intake is a 4.5-m-diameter steel pipe. It supplies downstream irrigation and
domestic demand. The outflow discharge of the power generation intake is 56 m?/s; (v) modification tunnel: the
modification tunnel is a dedicated pipe modified from the pressure steel pipe of power generation tunnel No.
2. This tunnel can be used to release sediment during typhoon season because the maximum outflow discharge
reaches 300 m%/s; (vi) permanent river outlet: the main function of the permanent river outlet is to discharge
water to supply the Taoyuan Canal and part of downstream irrigation areas. It can also be operated to release
inflow material during typhoons. The maximum outflow discharge is 34 m*/s. Note that, the sediment particle
needs to be mentioned because particle size plays a crucial role in determining the transport patterns of turbidity
current in reservoirs. Technically, coarse particles with higher settling velocities tend to deposit near or upstream
of the reservoir entrance, whereas fine-grained sediments remain suspended and travel farther downstream.
Hence, the simulation focuses on the fine sediment between 0.01 and 0.02 mm. Besides, TDR (Time Domain
Reflectometry) has been applied to the sediment monitoring for the whole-journey of typhoon events*>. There
are 6 observation section are located along the reservoir also shows in Fig. 1.

Study case

The data collection covers 15 typhoon events during the recent decade, and the information includes the flood
control operation and sediment releasing operation data of Shihmen Reservoir from 2013 to 2022. A significant
trend is presented that the releasing proportion can overreach 30%, the highest is 37.2%, in most of the severe
typhoon events, for example, Typhoon Trami, Soudelor, and Dujuan (peak discharge were over 3000 m?/s),
and the lower releasing proportion is shown in moderate and slight typhoons from 1.1 to 27.2%. However,
trapped sediment still accounts for more than 60% of the total inflow sediment. Note that reservoir monitoring
was conducted in the past decade, and the measured data was often interrupted by environmental issues and
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Fig. 1. Reservoir location and information (created by ArcGIS Desktop Advanced (Single Use), version
number 10.7, https://desktop.arcgis.com/en/quick-start-guides/10.7/arcgis-desktop-quick-start-guide.htm).
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instrument limitations. The relatively comprehensive data of three typhoon events, 2015 Typhoon Soudelor,
2015 Typhoon Dujuan, and 2016 Typhoon Megi were adopted to validate the simulation accuracy, and other
typhoons can be the application case.

2015 Typhoon is ranked as the 1st huge inflow peak discharge, 5634 m?/s, in the past decade, and the
collected duration was 72 h. Typhoon Dujuan occurred after Soudelor; the peak discharge was 3802 m?/s, and
the measured duration was 62 h. The last historical event was the 2016 Typhoon Megi which lasted for 68 h, and
the peak discharge was 4267 m¥/s. Besides, 2- to 200-year return-period cases are adopted to describe the slight,
medium, severe, and extreme scenarios. The peak discharge (m?/s) is 2251 for 2-yr, 4188 for 5-yr, 5327 for 10-yr,
6431 for 20-yr, 7855 for 50-yr, 8920 for 100-yr, and 9975 for 200-yr, respectively. The 2- and 5-yr cases represent
the slight scenario; The 5-yr case, Dujuan and, Megi historical events represent the medium scenario; The serious
typhoon in the past decade was 2015 Typhoon Soudelor; the peak discharge was between to 10- and 20-yr case,
and these three represent the severe scenario; The most serious typhoon in the past fifty years was 2004 Typhoon
Aere; the peak discharge was 8593 m?/s, close to the 100-yr scenario. Typhoon Aere is difficult to be used in this
research due to the lack of field data; fortunately, the 50- to 200-yr scenarios can be representative cases of the
severe scenario. Finally, the 200-yr case can represent the extreme cases. The research cases list in Table 1.

Governing equation

Lai et al.* developed a 2D layer-averaged turbidity current model, SRH2D, which was later applied in a field
reservoir by Hung. et al.*%. The model uses the mass conservation and momentum equations to solve the
hydraulic mechanism as shown in Eq. (1) to (3), as well as the non-equilibrium sediment transport equation
uses to simulate turbidity current transportation as shown in Eq. (4) and (5). The initial and boundary condition
is shown in the next chapter, and the specific description of numerical methods can be found in Lai et al.3
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where, h;: turbidity current thickness; ¢: time;  and y: x- and y-direction in Cartesian coordinates; u; and v;
: velocity in the x- and y-directions; Uy: average velocity defined as vu? + v?; e.: dimensionless entrainment
coefficient; Tiwx, Tizy, Ttyy: dispersion terms; R: submerged specific gravity of sediment in the turbidity current
(=pp/ pw — 1); pp: density of sediment; p.,: density of ambient water; g: acceleration of gravity; C;: total
suspended sediment concentration; Z;: current top elevation; r,: friction between upper ambient water and
the bottom turbidity current; ps: mixture density; 7.; and 7¢: bed shear stresses in x- and y- direction; Cy:
near-bed concentration of the k¢, size class; v:: fall velocity of the k¢, sediment size class; px:: volume fraction
of the k¢, sediment size class; Ej;: erosion rate potential; Cyi: near-bed concentration of the ky, size class; ys:
porosity of bed sediment; Z,: bed elevation.

Initial and boundary condition

The calibrated parameter setting is essential to ensure the simulation accuracy in the field site. This article adopted
the part of the setting from Huang et al.** and Hung et al.** to set the simulation parameters. The turbulence
model adapts to the parabolic model; The gravity of sediment is 2700 (kg/m?). Based on Huang et al.*’, the drag

Type Case Peak discharge (m3/s) | validate | Application
Soudelor | 5634 o o Severe

Historical event | Dujuan | 3802 0 o Medium
Megi 4267 o o Medium
2-yr 2251 o Slight
5-yr 4188 o Medium
10-yr 5327 o Severe

Return-period | 20-yr 6431 o Severe
50-yr 7855 o Extreme
100-yr 8920 o Extreme
200-yr 9975 o Extreme

Table 1. Research cases list.
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coefficient was calibrated using field data and references like Huang et al.*%, with 0.002 found optimal. The time
step (0.5-1.0 s) balances computational efficiency and accuracy, avoiding numerical instability. Grid numbers
ranged from 4000 to 20,000; 10,230 were chosen for optimal spatial resolution and computational feasibility. In
addition, the model calibration took approximately 5 h for a historical typhoon case. The proportion of CPU
and real-time is close to 1-10, which means the numerical model needs an hour to simulate 10 h in field time.

The simulation grid, elevation, and essential information are shown in Fig. 2.

In order to develop a practical prediction approach in the field site, this study gathered three relatively
complete time-series field data, including the inflow and outflow hydrology and sediment data. Additionally,
different return-period scenarios were also added to represent the slight, medium, severe, and extreme disaster
scale to validate the consistency of the simulation model in different scenarios. The description of the adapted
cases shows in “Chapter 2.2”.

Research framework

This study presents the most convenient and cost-effective three-stage approach for managing reservoir water
resources based on understanding the turbidity current in temporal and spatial variation. It not only focuses on
the satisfactory prediction result of turbidity current movement but also formulates an appropriate sluice gate
operation approach to take care of reservoir desiltation and water resources conservation during flood duration
based on the guideline rule and value presented in this research. The research flowchart is shown in Fig. 3.
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Fig. 2. Simulation (a) elevation; (b) grids.
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Fig. 3. Research flowchart.

Result
Travel velocity

The movement of the turbidity current is non-conservative due to the interaction of gravity and buoyancy.
The channel shape, such as construction, expansion, or flexural all affect the energy loss to change the travel
pattern®>*®. Besides, the inflow conditions are the crucial factors that affect the turbidity current. National
Chiao Tung University?’ figure out that the discharge, concentration, and hydrograph period are highly-
related to the generation timing of turbidity current: (i) inflow peak discharge >1800 m?¥/s; (ii) inflow peak
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concentration > 15,000 mg/L; (iii) inflow duration lasted more than 35 h of 350 m?>/s. Therefore, three typhoons
satisfied with the above criteria are adopted to validate the travel velocity along the reservoir.

Reservoir management requires an accurate estimation of the travel velocity of a turbidity current, as the
appropriate timing for hydraulic desilting depends on it. In other words, the robust simulation of the travel
velocity along the reservoir can use to predict the turbidity current movement and formulate the sediment release
strategy early. Figure 4 compares the travel velocity of three typhoons between measurement and simulation.
$24, S20, S15, S12, and S07 are located at 9100 m, 7700 m, 5800 m, 4200 m, and 1200 m, respectively, and were
adopted to evaluate the accuracy between measurement and simulation. The relatively slow velocity shown in
$24 to S20 in typhoon Soudelor and Megi because the cross-section is larger than the other location, and the
value is 0.39 and 0.33 in Typhoon Soudelor; 0.26 and 0.21 in Typhoon Megi between measured and simulated
data, respectively. In addition, the data from S20 of Typhoon Dujuan were missing and challenging to compare.
Then, the gradually speed-up trend is presented in S24 to S15, S24 to S12, and S24 to S12 both measurement
and simulation. The measured and simulated value of Soudelor, Dujuan, and Megi is 0.23 and 0.19; 0.14 and
0.14; 0.18 and 0.15, from S24 to S15. Besides, the value from S24 to S12 is 0.25 and 0.23; 0.18 and 0.18; 0.23
and0.19. And 0.29 and 0.28; 0.27 and 0.26; 0.29 and 0.26 (S24-S7). Note that, the coefficient of determination
also presents in Fig. 3, and the highly positive correlation trends is indicated by the R? value, 0.92.

The above content shows the simulation accuracy of travel velocity; namely, the temporal-spatial variation
of turbidity current along the reservoir can be estimated by using this model. Next, the variation of turbidity
current concentration needs to be validated to understand the applicability in the field site further.

Concentration variation

This chapter describes a study on the sediment transport distance in the Shihmen Reservoir during different
typhoons to determine the variation of the sediment concentration with distance. The unit concentration decay
rate of the density current is presented to avoid the affecting of different cross-section widths. The comparison of
the measurement and simulation of the unit concentration decay rate at different cross-sections (S32, S24, S20,
S§15, S12, and S07) along the reservoir shows in Fig. 5 and described below.

Firstly, the simulated result shows an accurate decay rate from S32 to S07. The decay value of the measured
and simulated result is 0.09 and 0.08 in Typhoon Soudelor; 0.08 and 0.08 in Typhoon Dujuan; 0.08 and 0.08 in
Typhoon Megi. In other words, the unit concentration decay rate is usually less than 0.1 from the entrance to the
dam front and the simulation can obtain accurate values in different typhoons. Then, the simulated values from
$32 to S24 to S15 to S7 are 0.52 to 0.11 to 0.08 in Typhoon Soudelor; 0.51 to 0.12 to 0.08 in Typhoon Dujuan;
0.46 to 0.12 to 0.08 in Typhoon Megi, and the corresponding measured; the values are 0.67 to 0.06 to 0.09 in
Typhoon Soudelor; 0.62 to 0.06 to 0.08 in Typhoon Dujuan; 0.23 to 0.06 to 0.08 in Typhoon Megi. Compared
to the simulation and measurement, the decay rate, the simulated decay value shows a consistent decreasing
trend in three typhoons along the reservoir. In contrast, the measured data shows decreasing trends from S32
to S15 and increasing trends from S15 to S7, and it is unreasonable because the sediment source between S15
to SO7 is zero. In addition, the decay value, 0.23, from S32 to s24 shown in Typhoon Megi is outlier, because
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Fig. 4. Comparison of travel velocity between measurement and simulation.
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Fig. 5. Comparison of travel velocity between measurement and simulation.

the measured values in Typhoon Soudelor and Dujuan are 0.67 and 0.62. The most important is that the highly
positive correlation trend is still presented by considering all measured and simulated data, the R? value is 0.80.

The above description indicates that the simulated sediment concentration shows a close decay rate by
comparing it with the measurement. Note that the simulation can effectively grasp the sediment concentration
variation along the reservoir, especially near the dam front. Finally, the simulated release amount from different
outlets during different typhoons will be presented to compare with the measured release to validate the practical
in the next chapter.

Release amount

The release amount during typhoons is a crucial factor in dealing with reservoir deposition issues. The release
ability of different outlets needs to be investigated to formulate a suitable desilting strategy. Below is a comparison
of measurement and simulation release amounts.

Figure 6 presents the release amount of Spillway Fig. 5 presents the total release amount from Spillway,
Shihmen Canal, and Bottom Outlet located at the dam front in three typhoons. Each release amount (m°)
of simulation and measurement in Typhoon Soudelor are 62,881 and 71,071 from Spillway; 4732 and 4459
from Shihmen Canal; 135,226 and 143,689 from Bottom Outlet. In addition, the total release amount (m?)
of measurement and simulation in Typhoon Soudelor is 202,839 and 21,9219, and the total inflow amount is
910,000. The above information indicates that the simulation can reflect the actual release amount because the
difference between simulation and measurement is just 0.90%, 0.93%, and 0.03% in Spillway, Shihmen Canal,
and Bottom Outlet. The release data the other two typhoons are shown below: 30,291 and 25,047 from Spillway;
3381 and 4071 from Shihmen Canal; 62,514 and 119,370 from Bottom Outlet in Typhoon Dujuan. 58,110
and 70,590 from Spillway; 3770 and 3380 from Shihmen Canal; 110,630 and 80,470 m? from Bottom Outlet
in Typhoon Megi. This study adopts those data to regress to understand the relative correlation between the
simulation and measurement. The regression curve shows a highly related trend, R>=0.81.

The comparison of release amount indicates that the numerical model has sufficient simulation performance
in different sluice gates, especially for the Spillway Shihmen Canal. It means that the simulation can reasonably
estimate the release information and is more consistent than the measurement because the measured instrument
sometimes misses data due to environmental issues and measured limitations. Overall, based on the simulated
turbidity current flow, including travel velocity, concentration decay rate, and release amount, the simulation
method can be a practical forecasting tool for reservoir desilitation. The specific discussion is shown in “4.
Discussion”.

Discussion

This study aims to grasp the turbidity current movement and provide a more efficient sediment release operation
during typhoons. Note that the turbidity current’s travel pattern along the reservoir provides a well-described
sedimentation mechanism. To compare to the original operation, an updated reservoir operation approach is
proposed for different goals, such as deposited removal, water storage, etc. Please see the following description.
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Fig. 6. Comparison of release amount between measurement and simulation.

Relationship of turbidity current discharge, velocity, and unit concentration

This study investigated the travel velocity between different cross-sections along the reservoir and obtained an
accurate result in Chapter 3. The simulated cases were from three typhoon events, namely Typhoon Soudelor,
Dujuan, and Megi. This chapter studies the relationship between peak discharge and travel velocity of the
turbidity current flow and figures out a robust outcome that presents a positive correlation. The highest peak
discharge, 5634 m?>/s, was observed during Typhoon Soudelor, while the middle value, 4267 m?>/s, was seen
during Typhoon Megi, and the event with the lowest peak discharge was Typhoon Dujuan which is 3802 m?/s.
Results indicate that the travel velocity is directly proportional to the peak discharge, as evidenced by Soudelor,
0.45 m/s, and Megi, 0.43 m/s, and the travel velocity of Dujuan ranked third, at 0.42 m/s. Furthermore, Different
return-period cases were imported such as 2- (2251 m¥/s), 5- (4188 m?¥/s), 10- (5327 m?/s), 20- (6431 m?¥/s),
50- (7855 m?/s), 100- (8920 m?¥/s), and 200-year scenario (9975 m>/s) to extend the estimated range of the
travel velocity. The results show that the peak discharge and travel velocity also increase as the return period
increases. For example, the 200-year return period case has the highest peak discharge and travel velocity, which
further supports the positive correlation between peak discharge and travel velocity. Besides, this research
adopts simulation of historical events, different return-period cases, and measurement of three typhoons to
establish the regression relationship. The linear regression curve indicates that the peak discharge and travel
velocity have a highly positive relative, R>=0.86. The above explanations show in Fig. 7 the relationship between
Dimensionless discharge (DQ = Q/QMax) and Dimensionless velocity (DV = V/VMax), where QMax and VMax
represent the discharge and velocity of the 200-year scenario.

Updated operation approach for desiltation

Due to the dam safety issue, the current reservoir operation guideline relies on the variation in water level to
release the inflow discharge. However, understanding the sedimentation mechanism to determine a suitable
strategy for reservoir deposition is also crucial in maintaining dam construction. Finding the balance between
discharge and sediment release is the essential purpose of this paper. Reservoir management heavily relies on
accurately determining the travel velocity of density currents, which is crucial in determining the appropriate
timing for hydraulic desilting. An accurate travel velocity improves sediment release efficiency and helps
conserve water resources.

This research compares the three significant typhoons during 2015 and 2016, which have collected relatively
complete data. A consistent operation principle is presented that the spillway was responsible for the primary
release work because the design discharge is the largest to fast response the enormous inflow of material. The
percentage of the spillway, spillway tunnel, shihmen canal, power generation intake, modification tunnel, and
permanent river outlet are 57.95, 21.68, 1.62, 7.43, 7.16, and 4.16, respectively. Besides, the percentage of the
spillway and other outlets is 39.49 and 60.51 in Typhoon Dujuan and 48.01 and 51.99 in Typhoon Megi. That
means at least 40% of inflow material was released from the spillway during these three typhoons. In contrast,
the percentage of released sediment from the spillway was 10.37, 3.87, and 6.67%, respectively, in Typhoon
Soudelor, Dujuan, and Megi; 25.90, 33.46, and 13.25% released from the other outlets. The analysis of the ratio
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Fig. 8. Release percentage of three historical typhoon events.

of the release discharge and sediment is shown in Fig. 8. Above all, the release ability of the spillway presented a
lower efficiency and the operation process can be updated to increase the sediment release amount.

A critical concern, and the primary principle of reservoir operation during typhoon periods should be to
release more sediment. Technically speaking, reservoir water level significantly influences sediment release
efficiency. However, in Taiwan, most reservoirs serve as crucial water supply sources. The priority is given to
balancing flood control, sediment management, and water supply rather than actively lowering the water level
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for sediment flushing during typhoon events. Above all, the modification operation procedure could be the
feasible strategy. Based on historical records, the inadequacy of sediment release through the spillway is evident
in the three different typhoons depicted in Fig. 8. Using a relatively lower outlet to release the inflow of sediment
is worthwhile. The modification tunnel could be a suitable solution as it has a discharge capacity of 300 m%/s, the
highest release discharge of all bottom outlets.

Two modified operation methods based on actual operations were implemented and presented in Fig. 9. The
scenario (I) addresses water resource management and reservoir desiltation. It involves redirecting the release
discharge from the spillway to the modification tunnel, with a time shift of 9 h applied to align with the arrival
timing of turbidity currents along the time series. This modification aims to optimize sediment release while
considering the preservation of water resources. The scenario (II) focuses primarily on reservoir desiltation. In
this case, the modification tunnel operates continuously throughout the entire duration of the typhoon event
after turbidity current flow arrival, aiming to maximize sediment discharge and maintain the reservoir storage
capacity. The comparison between Scenario 1, Scenario 2, and Actual operation is based on the 2015 Typhoon
Soudelor event, which had the highest peak discharge (5634 m3/s) among the historical events analyzed in this
study. This selection ensures that the operational strategies are evaluated under extreme hydrological conditions,
providing valuable insights into the effectiveness of different sediment release approaches.

Figure 10 indicates that the modified operation strategies present a better sediment-released ability. Firstly,
actual operation and scenario (I) are selected to compare the release efficiency of all sluice gates. Except for the
spillway and the modification tunnel, the other four outlets show the close value because the operation keeps the
same between the actual and scenario (I). The sediment-released amount of the spillway presents more than two
times the actual operation, from 67,619 to 153,107 m?>. The primary factor is the operation time delay of nine
hours. The release amount is challenging for sufficiency efficiency until the turbidity current arrives at the dam
front. The time-shifting operation improves the sediment-released efficiency and maintains the water resources.
In addition, the modification tunnel also shows high release efficiency from 53,846 to 128,071 m’. Secondly, this
study adapts scenarios (I) and (II) to analyze the sediment-released number of different outlets. The modification
tunnel plays a significant role in releasing the reservoir sediment, and the sediment-released amount reached
294,283 m® during the typhoon period. Although the released sediment from the power generation intake
and permanent river outlet decreased from 69,077 to 61,340, from 76,457 to 64,646 m?3, respectively, the total
release amount is higher than the scenario (I). The crucial factor is the long-term operation of the modification
tunnel in this typhoon to raise the release amount from 128,071 to 294,283 m?3. Most importantly, scenarios
(I) and (IT) present a release amount that is sufficient for the actual operation. The total release amount is
309,752, 474,533, and 621,204 m? of actual (I) and (II). As a result, a good grasp of turbidity current flow is
a critical issue because it can help reservoir management reorganize the release strategy further to improve
the release efficiency of the reservoir sediment. Table 2 presents a comparative analysis of sediment release
efficiency under different operational scenarios. The data highlight the impact of varying discharge conditions
on turbidity current behavior and sediment transport efficiency. By comparing the actual operation with the two
modeled scenarios, the results demonstrate that optimized sediment release strategies can significantly enhance
desiltation efficiency. The findings underscore the importance of adaptive reservoir management in responding
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Release water | Release sediment | Proportion
Case (1) (2) [(D/(2)]=(3)

Actual 1 1 1
Scenario (I) | 0.96 1.52 1.58
Scenario (II) | 1.13 2.00 1.77

Table 2. Research cases list. *Actual (1), (2), (3) means the baseline.

to fluctuating hydrological conditions, ensuring a balance between sediment flushing and water storage. This
comparison provides valuable insights for improving reservoir sediment control strategies, supporting more
effective decision-making in water resource management.

Updated operation approach for water conservation

Most of the water sources are from typhoons and flood events, and the proper real-time approach needs to be
formulated to respond to the sluice gate operation timing. The strategy for sediment release from a reservoir can
be divided into two conditions: flood control operation condition and non-flood control operation condition.
The efficiency of sediment release during the flood control operation period can be improved as described in
Sect. “Updated operation approach for desiltation”. Sediment release operation after the arrival of high-density
flow can achieve the best desilting efficiency. For the sediment release strategy during the non-flood control
operation condition, consideration should be given to whether the reservoir storage capacity meets the water
resource supply. When the water resource supply is sufficient, that is, the storage capacity of the reservoir is
greater than the upper limit of the reservoir operating rule, the cost of water resource utilization should be taken
into account.

The main desilting strategy for the dredging at the front of the Shihmen Reservoir in Taiwan is mechanical
dredging, with a dredging cost of about $17 USD/m>**. Based on the background conditions of the dry density
of sediment of about 735 kg/m>**® and a public water supply fee of about $ 0.36 USD per ton of public water
supply, if hydraulic sediment desilting is used as an alternative to mechanical dredging at the same cost, the
required water volume for hydraulic sediment desilting can be calculated based on the same cost of public water
supply. When the sediment concentration reaches about 11,717 mg/L and it can be estimated by the presented
numerical model, the same opportunity cost can be achieved. Therefore, this principle can be used as the basis
for the sediment release operation of the target reservoir during the non-flood control operation condition.

Sy x 103
Sy = (6)
(Sw/ Sa)+[De/ Pe/(1—Sw/ Sd]
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where, Sy: sediment concentration threshold value (mg/L); Sw: sediment weight (kg=dry density (kg/m) of
deposited sediment x 1m?); Sq: sediment density (kg/m?) ; D.: Dredging cost ($) ; P.: Public water supply cost
($).

Real-time response system

The crucial point of the reservoir operation during typhoon periods is a sufficient response time to organize the
relative strategy. Hence, a useful real-time response system established by the numerical model needs to consider
the computing efficiency of the actual typhoon. This research used a personal computer (PC) to conduct the
computing time test. The specification of the central processing unit (CPU) is 12th Gen Intel(R), Core (TM) i7-
12700, 2.10 GHz; the random-access memory is 32.0 GB. The adopted typhoon duration is 3 days, 72 h, and the
total computing time is 0.96 h. In other words, the current specification of the PC only needs 48.06 s to provide
relative information on reservoir turbidity current flow after 1-h. Furthermore, the turbidity current flow is
proven to need more than 1 h to transport to the dam front. It means the proposed real-time response system
can obtain sufficient time to formulate the operation procedure.

The analysis of the primary sediment release operation strategy for the reservoir can be referred to in Fig. 11.
Providing robust information on the turbidity current flow is essential, then the flood control operation could
be formulated in two situations. Here, “Yes” means the reservoir needs to release the inflow material to protect
the safety of the dam. The dynamic state of the turbidity current provides an immediate estimate of the operation
timing from different outlets. The threshold value is the second parameter to determine operation duration
to maximize the sediment-releasing amount. The effectiveness of the updated desilting operation is shown
in Chapter 4.2. ‘No’ means the inflow discharge is not a threat, and water resources need to be conserved in
the current period. Hence, the time-series sediment concentration has to be monitored and compared to the
threshold value. If the value is lower than the upper limit, the reservoir can store the water resources. In contrast,
the desilting operation should be conducted to avoid sediment depositing on the reservoir bed to decrease the
storage capacity. The proposed real-time approach for reservoir storage and desiltation operation is a rolling
update method. It is practical to prolong the reservoir operation lifespan and conserve sufficient water resources
after typhoons.
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Conclusion

This study aims to provide an accurate approach for predicting turbidity current flow to understand sediment
transport dynamics better. It also proposes enhancements to sediment release efficiency at the major outlet
structures near the dam front. To achieve this, a three-stage research procedure is presented, which includes
flow pattern analysis, updated operational strategies, and economic evaluation. This procedure forms a robust
foundation for sustainable reservoir operation and water resource planning.

The structured three-stage framework is a basis for optimizing sediment release operations during non-
flood control periods. A real-time response procedure tailored to various typhoon scenarios is implemented for
flood events. The proposed rolling-update method enhances reservoir storage and sediment flushing operations,
extending reservoir functionality and improving post-typhoon water conservation.

This study offers valuable insights into the temporal and spatial variations of sediment transport in Shihmen
Reservoir during typhoon events. The findings support better management of sediment deposition, which
significantly impacts both storage capacity and economic performance. The proposed approach optimizes
sediment release strategies, improving flood control and water conservation. Furthermore, the core concept of
real-time numerical prediction can serve as a foundation for future field applications and research.
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