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ARTICLE INFO ABSTRACT
Keywords: Study region: This study focuses on the Nanhua Reservoir, where a two-dimensional numerical
Two-dimensional numerical model model was developed and validated to evaluate desilting efficiency under various operational
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Reservoir sediment management

strategies during Typhoon Lupit.

Study focus: The research highlights the critical role of a dredged guiding channel in enhancing
turbidity concentration near the dam, which significantly improved desilting performance. The
incorporation of this channel increased sediment desilting efficiency during sluicing operations. It
reliably reflects turbid water transport dynamics and sediment load patterns. Simulation out-
comes revealed that sediment transport time under flood mitigation operations was shortened by
5.5 hrs. The sluicing operation yielded the highest desilting efficiency of 16.47 %, while free
overflow conditions had the least impact. Notably, the desilting tunnel demonstrated superior
performance over the spillway for comparable outflow volumes, achieving the highest sediment
concentration ratios during sluicing.

New hydrological insights for the region: Key strategies identified for maximizing sediment
discharge benefits included the early activation of the desilting tunnel during high turbidity
inflow events and increasing discharge rates. The sediment transport analysis indicated reduced
concentrations during reservoir passage, with a strong correlation between upstream inflows and
critical measurement points within the reservoir. These findings underscore the importance of
integrating dredged guiding channels and optimizing desilting tunnel operations to improve
sediment control during high inflow events and elevated reservoir levels. This research provides
new hydraulic insights for effective reservoir sediment management, contributing to sustainable
water resource management in sediment-impacted regions.

1. Introduction

Reservoir sedimentation has long posed challenges, yet it received little attention during the early 20th century when large dams
were built. Demolishing dams to restore sediment balance is neither economically nor environmentally viable, highlighting the need
for effective sediment management to maintain storage capacity and mitigate flood and drought risks. With climate change intensi-
fying extreme weather events, sustainable sediment strategies are increasingly urgent to ensure the longevity and resilience of res-
ervoirs. High-concentration sediment migration toward dams reduces water supply and storage capacity, making sediment
management critical for sustainable reservoir operations (Morris and Fan, 2010; Kondolf et al., 2014). Key strategies include
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catchment conservation, sediment reduction, storage restoration, and adaptive operations, all requiring site-specific adaptations
(Annandale et al., 2016; WRA, 2020). Upstream check dams are commonly used to trap sediment (Samad et al., 2016; Zeng et al., 202.2;
Zulfan et al., 2023), but fine sediments often still reach reservoirs. As a result, research increasingly emphasizes turbidity current
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Fig. 1. Historical data in Nanhua Reservoir (a) location and watershed scope (b) sedimentation record (c) longitudinal bed profiles in various years

along the thalweg.
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Fig. 1. (continued).

venting through reservoir outlets. Venting efficiency depends on outlet placement, with bottom outlets being most effective due to
turbidity current stratification (Morris and Fan, 2010; Lee et al., 2014). Optimal timing, such as opening gates within 300 m of the
approaching turbidity current, and favorable upstream slopes also enhance sediment evacuation (Chamoun et al., 2017, 2018; Morris
and Fan, 2010).

Regular dredging extends reservoir functionality outside typhoon periods by removing accumulated sediment (Ge et al., 2021;
Kantoush et al., 2021). During high-sediment events, such as typhoons, bypass tunnels allow sediment to flow downstream without
settling in the reservoir (Albayrak et al., 2019; Morris, 2020). These methods mitigate sedimentation impacts, improve water quality,
and support long-term reservoir sustainability. Artificial countermeasures, or guiding structures, are also being developed to optimize
sediment removal. For example, in Morocco’s Oued Neckar Reservoir, turbidity currents were directed toward bottom outlets using
submersible dikes and guide embankments (Batuca & Jordaan, 2000). Studies on solid and permeable obstacles show they can redirect
turbidity currents and reduce sediment deposition near dams (De Cesare et al., 2006; Oehy and Schleiss, 2007; Baghalian and
Ghodsian, 2020). Flushing channels, especially effective during reservoir drawdown, have demonstrated high sediment removal ef-
ficiency (Chen and Tsai, 2017; WRA, 2020; Wang et al., 2020; Esmaeili et al., 2021; Lai et al., 2024). The “main-channel characteristic”
approach has been applied to enhance sediment transport even at high water levels (Chen, 2022; Imtiyaz et al., 2024). However,
flushing channel performance varies with hydrological conditions, requiring flexible design (Wang et al., 2020; Lee and Huynh
Nguyen, 2024). To address this, our study proposes incorporating a dredged guiding channel aligned with potential flushing areas to
concentrate and accelerate sediment flow, enhancing sediment transportation and improving long-term reservoir capacity and
operational efficiency.

Numerical modeling is crucial for studying reservoir desiltation, especially since field observations of turbidity currents during
flood events are difficult (Robb et al., 2021; Lee et al., 2024; Lee and Du, 2025). Hydrodynamic and sediment transport models, using
two-dimensional (2D) or three-dimensional (3D) simulations, are essential for analyzing sediment dynamics. While 3D models offer
detailed predictions, their high computational demands limit routine use. In contrast, 2D models balance accuracy and efficiency,
making them practical for evaluating bottom outlet sluicing under various scenarios, provided they are carefully calibrated.

A review of recent studies confirms the effectiveness of 2D modeling for simulating turbidity currents and guiding sediment
management strategies. Hu et al. (2012) and Huang et al. (2019) demonstrated that 2D models can predict turbidity current behavior
and optimize sluicing operations. Anari et al. (2020) emphasized the suitability of 2D models for capturing sediment dynamics near
sluice gates. Research by Chen (2020), (2022) and Imtiyaz et al. (2024) used 2D models to assess sediment concentration and desilting
efficiency in bottom-dredged channels. Wang et al. (2020) proposed a 2D simulation-based reservoir partitioning strategy to improve
flushing efficiency, while Chen and Tsai (2017), Imtiyaz et al. (2024), and Lee and Huynh Nguyen (2024) showed that narrow
gorge-shaped channels enhance desilting. 2D models have also been applied to evaluate the impact of hydraulic structures on flow and
sediment deposition (Lee et al., 2021; Hung et al., 2022; Sun et al., 2023). More recently, studies by Lee et al. (2023) and Lee and
Huynh Nguyen (2024) analyzed the role of main flushing channels in mitigating sedimentation under steady conditions. Collectively,
these studies highlight the practical value of 2D modeling in designing efficient desilting strategies for diverse operational scenarios.
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2. Methods
2.1. Study site

The Nanhua Reservoir is situated in Nanhua District, Tainan City, Taiwan, upstream of the Houku River, a tributary of the Zengwen
River (as shown in Fig. 1(a). Completed in 1993, its water sources include the Houku River and the Jiasian Weir, a tributary of the
Gaoping River. The reservoir was designed to cover a watershed area of 108.30 km?, with an initial storage capacity of 150 million m?.
It comprises four primary structures: the dam, spillway, and water intake. The dam is a central-zone rolled earth-rock structure with a
top elevation of 187.5 m and a full water level of 180 m. The spillway features an ungated U-shaped, free-flow weir with a top elevation
of 180 m, while the water intake is an inclined tower with four intake ports positioned at elevations of 170, 157, 144, and 131 m.

Taiwan’s geological and climatic conditions—steep topography, tectonic activity, fragile geology, and heavy precip-
itation—contribute to its reputation as the world’s leading sediment producer. The Nanhua Reservoir experiences significant sedi-
mentation, primarily due to typhoon-induced landslides and torrential rains (as shown in Fig. 1(b). Sedimentation data presented in
2024 show that the cumulative deposition volume reached 295.4 Mm?, reducing the reservoir’s capacity to 60.53 % of its initial
design. Despite an existing capacity of 453 Mm?®, sediment yields from upstream watersheds, exacerbated by typhoon flood events,
have caused considerable sediment accumulation over the decades.

Typhoon Morakot (August 7-9, 2009) was particularly destructive among these events. Its prolonged movement during landfall
and post-landfall phases caused intense rainfall, resulting in sediment accumulation up to EL—179.1 m in the reservoir bed. Field
surveys reveal significant longitudinal bed variation over time, as shown in Fig. 1(c), with sediment forming a planar depositional
pattern near the dam site in recent years. To address sedimentation, a desilting tunnel was planned in 2011, with construction
beginning in 2015 and completion in 2021. The tunnel includes a water entrance, shaft, gate, tunnel, and energy-dissipating outlet.
The entrance, a rectangular cross-section measuring 15 m wide and 9.5 m high, provides a flow area of 142.5 m2 The tunnel can
discharge 1000 m® /s and has a diameter of 9.5 m. Its outlet connects to the original river channel to dissipate energy effectively.
However, despite its operation during Typhoons Lupit in 2022 and 2023, the reservoir’s capacity declined, decreasing from 89.35
million m® in 2021-89.20 million m® in 2023 (Taiwan Water Corporation Sixth Branch, 2023a).

Given water resource conservation and supply constraints, the reservoir prioritizes maximizing storage capacity during flood
events. However, annual dredging near the intake is insufficient to maintain capacity. Therefore, a comprehensive management
approach is essential, integrating sediment routing and dredging techniques to manage flood-induced turbidity currents. Strategies
such as constructing a dredged guiding channel to route turbidity currents aim to enhance venting efficiency. This study examines
improved desilting performance using dredged guiding channels (Imtiyaz et al., 2024; Lee and Huynh Nguyen, 2024). A
two-dimensional (2D) layer-averaged model developed by Lai (2015) has been employed to simulate turbidity current venting through
the reservoir outlets (Lai et al., 2015; Huang et al., 2019; Huang, 2024).

2.2. 2-D Numerical methodology

Two-dimensional (2D) models are invaluable for reservoir and water managers, providing detailed topographies and flow feature
simulations. The Sedimentation and River Hydraulics (SRH-2D) model is particularly effective for describing two-dimensional hy-
draulic and sediment transport processes (Wang et al., 2020; Huang et al., 2019). This model can simulate a wide range of flow
conditions—steady, quasi-steady, or unsteady—and sediment transport in cohesive and non-cohesive states. It also offers options for
multi-size sediment transport with bed sorting and armoring (Lai, 2010). The SRH-2D model predicts bed changes by tracking
non-equilibrium sediment transport for suspended, mixed, and bed loads, applicable to various bed types, including granular, erodible
rock, and non-erodible surfaces, and can also simulate bank erosion (Lai, 2017).

Lai et al. (2015) later developed a 2D layer-averaged turbidity current model for reservoir turbidity current simulations. Huang
(2024) and Hung et al. (2022) applied this model in field cases. The model solves hydraulic mechanisms using mass conservation and
momentum equations and simulates turbidity current transport using non-equilibrium sediment transport equations (as shown in Eqs.
1 and 2). Lai et al. (2015) and Huang et al. (2019) describe detailed numerical methods.
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Where, h, : turbidity current thickness; Cy,: layer-averaged volumetric concentration of the k;, sediment size class; t: time; x and y:
x- and y-direction in Cartesian coordinates; U and V: velocity in the x- and y-directions; U,,: average velocity defined as v U? + VZ2;; wy,:
fall velocity of the k,, sediment size class; pi: volume fraction of the k,, sediment size class; Ey,: erosion rate potential; Cy: near-bed
concentration of the kg, size class; y,: porosity of bed sediment; Zy,: bed elevation.

The layer-averaged concentration is used to calculate the near-bed concentration (Cpx). The relationship between Cy and the shape
factor of sediment particle rox is Cpx = roxCx (Garcia, 1994), and the shape factor is computed by:

_ Z Ck[ ln(dk)
N Z th

d 1.64
Toe = 1.64+0.4 (—") ; (dgn)
dgm

(3)
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Where, dy = diameter of sediment size k ; dgy, = the geometric mean diameter ; The erosional rate potential (E) is based on the
equation of Engelund and Hansen (Engelund and Hansen, 1972). It is widely used in streams and reservoirs for fine sediment transport
and is suitable for field-scale applications, it may be expressed as:

Ej, = 0.05mg (C))

W+W{ V2
(

1.5
B, /s=Le s—l)gdk}

d
When suspended sediment flows, deposition or erosion occurs as the concentration approaches equilibrium. The SRH-2D model
uses two adaptation coefficients—the deposition and the erosion coefficients—to simulate this process, ensuring the accurate repre-
sentation of suspended sediment transport and concentration equilibrium. In the SRH-2D mobile bed model, the governing equations
for achieving sediment concentration equilibrium during deposition or erosion are calculated as follows:
q; —4s

Se = I 6]

L= (1 —f1y) + 2=t ©
Wt
Where S, = unit sediment equilibrium transport rate ; q; = local sediment transport capacity ; q ; = sediment transport flux
advected into the local area from upstream. ; L; = distance of suspended sediment transport, known as adaptation length ; f is the load
parameter representing the probability for the sediment to be suspended; Ly is the bed load adaptation length; A = user-specified
parameter for net deposition and erosion. Default values for the two adaptation coefficients are 0.25 and 1.0 for deposition and
erosion, respectively. h; = local water depth.

2.3. Boundary conditions

The preprocessing steps for the numerical model involved managing terrain data and creating the 2D simulation grid file needed for
SRH-2D simulations with the SMS software (Surface-water Modeling System, v.13.0). The simulation area covers a range from the
upstream Guanshan No. 9 Bridge in the reservoir (Section 48) to the dam site. Guanshan No. 9 Bridge serves as the inflow boundary,
while the downstream outflow boundaries include the Desilting Tunnel (DT) outflow, the spillway (SW) free overflow, and the water
intake at 151 m. The grid density for the reservoir area is between 40 and 50 m, following Hung et al.’s (2022) recommendation. The
time step is set between 0.1 and 1.0 s, with a grid count below 20,000. To interpolate terrain elevations in unmeasured areas within
each grid cell, the Inverse Distance Weighting (IDW) method was applied based on known elevation data for the reservoir. Based on
grain size, Manning’s roughness coefficient, as indicated in Table 1, is set to 0.006. The grain size distribution is derived from sus-
pended load samples collected at Guanshan No. 9 Bridge (Taiwan Water Corporation Sixth Branch, 2021). The grain size of dg is
0.075 mm, dsg is 0.093 mm, dys is 0.215 mm, and dg is 0.361 mm, respectively. Fig. 2 provides a detailed setup of the 2D numerical
model for Nanhua Reservoir, illustrating terrain elevations, boundary conditions, and key sediment observation points.

Based on the field measurement during Typhoon Lupit in 2021 (Taiwan Water Corporation Sixth Branch, 2021), the suspended
sediment concentration could be related to the inflow discharge as the following regression formula.

Q, = aQ™ = 11.30Q'*°, R? = 0.90 (16)

where a and m are the coefficients of the regression relationship; Qs is inflow sediment discharge (ton/day);Q is inflow discharge
(m%/s).

2.4. Study cases

The Nanhua Reservoir was initially designed with a free overflow spillway without a gated discharge control. Besides the spillway
in front of the dam and the desilting tunnel located on the right bank in the reservoir’s midsection, there are no additional flood
discharge or bottom outlet facilities to assist with hydraulic desilting. This limited infrastructure has contributed to a gradual reduction
in the reservoir’s capacity when desilting operations are insufficient. To improve hydraulic desilting efficiency while maintaining the
reservoir’s storage and water supply functions, assessing and enhancing the discharge facilities to balance sediment inflow and outflow
is essential.

During Typhoon Lupit in 2021, operational observations (Table 2) showed that although high sediment concentrations above
10,000 PPM were measured near the desilting tunnel entrance at Section 13, the concentration at the tunnel’s discharge outlet was
significantly lower. Several factors can explain this reduction. At the time, the reservoir water level was over 180 m, causing sediment-

Table 1
Grain size distribution.
Diameter Distribution Do Ds3o Dso Dgs Dys Dgo Dioo
Grain size 0.0130 0.0750 0.0932 0.1416 0.2151 0.3606 1.2409
(mm)
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Table 2
Typical event for the discussion of with/without dredged guiding channel.
Events Year Total Rainfall Inflow Peak inflow Initial water level Max outflow
precipitation intensity volume discharge (m) discharge
(mm) (mm/hr) (10° m?) (m®/s) (m®/s)
Typhoon 2021 731 34.0 68.8 577 180.22 436
Lupit

laden water from the free overflow at the dam to flow toward the downstream area. The desilting tunnel was only partially open,
limiting the impact of the pressure flow field. After passing Section 13, the reservoir cross-section widens, resulting in sediment
diffusion and dilution. Additionally, changes in the slope of the reservoir upstream of the desilting tunnel entrance have altered the
flow path, shifting the high sediment concentrations observed at Section 13 toward the reservoir’s central cross-section. Consequently,
only part of the sediment load is discharged through the desilting tunnel.

To regulate reservoir operation strategies, this study employs a validated two-dimensional numerical model (detailed in the

Table 3

Scenarios of four reservoir operation strategies under Typhoon Lupit hydrograph.

Cases  Operation condition Initial water Cases  Operation condition Initial water Cases  Operation condition Initial water
level (m) level (m) level (m)
C-1 Free overflow 175.5 C-5 Free overflow 177.5 C-9 Free overflow 180.5
C-2 Downstream C-6 Downstream C-10 Downstream
replenishment replenishment replenishment
sediment flushing sediment flushing sediment flushing
C-3 Sluicing operation C-7 Sluicing operation C-11 Sluicing operation
C-4 Flood mitigation C-8 Flood mitigation C-12 Flood mitigation
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previous section) to design various water release strategies tailored to specific operational objectives. These strategies are developed
for different initial water levels—high, medium, and low—and include scenarios focused on "free overflow," "downstream replen-
ishment sediment flushing," "sluicing operation," and "flood mitigation". Simulations are conducted to assess the effectiveness of
hydraulic desilting under each strategy. The historical flood event from Typhoon Lupit in 2021 is the basis for this analysis. Using the
operational optimization model (Taiwan Water Corporation Sixth Branch, 2023b), reservoir water levels and discharge flow rates
across various facilities were calculated for the four operational strategies. The initial reservoir water levels were 175.5, 177.5, and
180.5 m. Scenarios for each operation strategy at the Nanhua Reservoir were designed, encompassing peak inflow rates, peak sediment
inflow rates, and case analyses, as shown in Table 3. With three initial reservoir water levels for each strategy, 12 simulation scenarios
were generated to discuss the effect of with/without dredged guiding channels. The inflow hydrograph from Typhoon Lupit was used
to establish boundary conditions, depicted in Fig. 3. Key aspects of each strategy scenario include:

Free Overflow: In this scenario, the desilting tunnel remains closed, and water is only released via free overflow at the spillway,
beginning at the 71st hour and continuing to the end of the simulation. The peak discharge rate reaches 414 m® /s, with a steady intake
of 12 m?® /s.

Downstream replenishment sediment flushing: The desilting tunnel opens in the 55th hour, initially discharging 100 m? /s. Be-
tween the 56th and 96th hour, the discharge increases to 300 m® /s while maintaining a constant intake of 12 m® /s.

Sluicing Operation: The desilting tunnel opens at the 2nd hour, maintaining an initial discharge of 50 m® /s. Between the 75th and
77th hour, the discharge rate increases to 300 m? /s, rising to 550 m® /s between the 78th and 83rd hour and reaching 800 m® /s
between the 107th and 108th hour, with a consistent water intake of 12 m?® /s.
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Fig. 3. Boundary conditions of (a) Typhoon Lupit (b) Scenarios of four reservoir operation strategies.
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Flood mitigation: In this scenario, the desilting tunnel opens from the 21st to the 116th hour, with discharge rates ranging from 100
to 150 m? /s. The water intake remains steady at 12 m? /s.

Each scenario provides insights into water resource conservation strategies, sediment desolation management, and reservoir flood
control.

3. Results and discussion
3.1. Results of Model calibration and verification

The measured sediment concentration of the outflow during this event was used to validate the model. During the turbidity current
simulation, the 2DLAM model simulated and output sediment concentration hydrographs at the desilting tunnel and water intake
points. The parameters for the two-dimensional simulation and validation of the Nanhua Reservoir are detailed in Table 4. The
validation used data from an actual Typhoon event (Lupit) and two hydraulic model test cases (Typhoon Kalmaegi and a 25-year (Q2s5)
return period event) (Taiwan Water Corporation Sixth Branch, 2023b; WRA, 2014; Lee and Du, 2025). Validation results for mea-
surement locations and outflows are shown in Fig. 4.

The time difference between the upstream inflow peak and downstream outflow sediment concentration peak estimates the
sediment transport time from upstream inflow to the measurement points and outflow facilities (Fig. 4a, b). During Typhoon Lupit,
sediment concentration reached Sec. 13, DT, and Section 3 at approximately the 24th, 36th, and 89th hours, respectively. A com-
parison of observed and simulated sediment concentrations at various points showed that the overall trends and sediment transport
behavior were consistent despite minor differences in values and delay times. Fig. 4(c) highlights the substantial agreement between
simulated and measured data in Sec. 13 and Section 3.

The study also analyzed the sediment load from the desilting tunnel, calculated cumulative and desilting efficiency (total outflow
sediment load/total inflow sediment load), and compared them to simulation results (Fig. 4b, d). During Typhoon Lupit, the cumu-
lative outflow sediment load was 65,005 tons, with a desilting efficiency of 5.83 %. The simulated load was 83,182 tons, with an
efficiency of 7.46 %, yielding an error of 1.63 %. For Typhoon Kalmaegi, sediment discharge reached 1815,412 tons with a sediment
discharge ratio of 24.89 %, while the 25-year return period event produced 1349,147 tons with a ratio of 25.09 %. Validation results
revealed that hourly sediment concentration values differed slightly between measurements and simulations, and cumulative outflow
sediment loads were highly consistent. Errors between measured and simulated outflow sediment loads were 1.63 %, 0.63 %, and
—1.01 % for Typhoon Lupit, Typhoon Kalmaegi, and the 25-year return period event, respectively. These findings align with previous
studies (Lai et al., 2015; Huang et al., 2019; Hung et al., 2022; Lee and Du, 2025), confirming the accuracy of the sediment discharge
simulations.

Additionally, the simulated desilting efficiency of the sediment prevention tunnel in the two-dimensional model ranged from
7.46 % to 25.09 % (Fig. 4d), demonstrating a positive correlation with inflow and sediment inflow volumes. These results provide
valuable insights into sediment transport dynamics and sediment management strategies within the reservoir.

3.2. Results of dredged guiding channel performance

To investigate the impact of forming a primary deep channel through dredging on sediment transport and discharge rates in the
Nanhua Reservoir, this study developed a 2D simulation grid terrain with the main deep channel for the reservoir area, referred to as a
bottom-guided flow channel. The dimensions and location of this bottom-guided flow channel were evaluated based on bed erosion
and deposition under higher flow scenarios. The report stated, "Hydraulic Model Test of Flood and Sediment Prevention Sub-Dam and
Empty Reservoir Flushing for the Nanhua Reservoir" (Taiwan Water Corporation Sixth Branch, 2017). This study simulated two
empty-reservoir sediment flushing test scenarios with peak flow rates of 300 m®/s and 600 m>/s, both with variable flows. Only the
desilting tunnel was opened for sediment discharge during the flushing process, with a total simulation time of 32 h. Fig. 5 illustrates
the inflow and outflow boundary conditions for the 2D model.

The 2D simulation grid was based on the 2023 DEM data of the Nanhua Reservoir (Taiwan Water Corporation Sixth Branch,
2023a). Simulation results for bed erosion and deposition distribution at flow rates of 300 m3/s and 600 m>/s are shown in Figs. 6(a)
and 6(b). These results were validated against the findings of the Taiwan Water Corporation Sixth Branch (2023a), showing general
consistency in the shape of the flushing channel area near the desilting tunnel entrance.

The empty-reservoir flushing simulation preliminarily determined the direction and location of the main deep channel. However,
confirming the precise size and location of the bottom-guided flow channel requires higher flow and extended scouring duration.
Consequently, this study simulated a 1000 m>/s steady inflow with the desilting tunnel fully open at 1000 m>/s for 120 h. The
resulting erosion and deposition distribution is illustrated in Fig. 6(c). Based on the study results of Chen (2020), Liu (2023), Imtiyaz

Table 4
Parameters of numerical simulation.
Parameters Time step Manning n value Sediment transport equation Turbulence coefficient Deposition coefficient Erosion coefficient
dt (hr) C, Adept Acro
Values 0.1 0.01 Engeland-Hansen 0.7 0.5 1.0
(1972)
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et al. (2024), and Lee and Huynh Nguyen (2024), the dredged guiding channel, which starts from a narrow or canyon area to the
entrance of the desilting tunnel, demonstrates relatively improved desilting efficiency. The geometry and channel slope, determined by
the angle of repose of sediment for the side slopes of the channel, create a uniform bottom slope from the upstream end of the dredged
guiding channel to the desilting tunnel entrance, forming an idealized design. Consequently, the planned bottom-guided flow channel
extends from section 10 (in front of the desilting tunnel entrance) upstream to section 27, covering a length of 3816 m. Section 27,
located on a relatively flat reservoir bed, connects upstream areas with steeper slopes that accommodate incoming flow and sediment.

The deep channel design addresses significant bends in the mid-reservoir "S" segment (sections 22-26), where erosion and
deposition are more pronounced. The cross-sectional profile of the bottom-guided flow channel has a trapezoidal shape, wider at the
top than at the bottom. The channel base width is 100 m, with 15 m side slopes on each bank, a top width of 130 m, and a slope of
0.0068, with an average depth of 9.7 m. Fig. 7 shows the layout and grid terrain for the bottom dredged guiding channel.
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3.3. Discussions

To compare the sediment transport phenomena and desilting efficiency of the Nanhua Reservoir’s outlet facilities with and without
a bottom-guided flow channel, this study simulated 12 operational strategies for the 2021 Typhoon Lupit event using a 2D grid terrain
incorporating the bottom-guided flow channel (Fig. 7), referred to as Scenario C. The inflow sediment concentration during Typhoon
Lupit increased significantly at the first peak (33,318 ppm), which was used to establish peak sediment concentration at three
monitoring points: Float No.13, the desilting tunnel entrance, and the intake tower entrance (EL.151 m) at the dam. The time series for
peak sediment concentration at Guanshan No.9 Bridge was set as hour 0. Table 6 compares peak sediment concentrations and
occurrence times at monitoring points with and without the bottom-guided flow channel.

When comparing the simulation results for free overflow conditions (Cases C/C-1, 5, and 9), the average travel time of high-
concentration sediment-laden water to Float No.13 decreased by approximately 2.0 h, with peak concentration increasing by
around 7100 ppm. The average travel time was reduced by about 4.7 h at the desilting tunnel entrance, and peak concentration rose by
approximately 8000 ppm. At the intake tower, the average travel time decreased by about 11.3 h, with an increase in peak concen-
tration of approximately 2100 ppm.

For erosion conditions (Cases C/C-2, 6, and 10), travel time to Float No.13 decreased by approximately 2.0 h, with a peak con-
centration increase of around 6100 ppm. At the desilting tunnel, travel time decreased by about 9.3 h, with a peak concentration
increase of 6800 ppm, and at the intake tower, travel time was reduced by about 3.7 h, with a peak concentration rise of about
1500 ppm.

For sediment discharge scenarios (Cases C/C-3, 7, and 11), Float No.13 showed a reduction of around 1.7 h in travel time with a
peak concentration increase of about 6500 ppm. The desilting tunnel had a reduction of 4.7 h and a 7100 ppm increase, while the
intake tower saw travel time reduced by 3.7 h and a peak increase of around 1400 ppm.

In Cases C/C-4, 8, and 12, travel time to Float No.13 was reduced by about 3.0 h, with an increase in peak concentration of around
6900 ppm. The desilting tunnel travel time decreased by 5.7 h, with a 7700 ppm increase, and the intake tower travel time was
reduced by 8.3 h, with an increase in peak concentration of approximately 1500 ppm.

The sediment concentration and flow velocity distributions of turbid water entering the reservoir and passing through the desilting
tunnel, under terrain conditions with and without a dredged guiding channel during Typhoon Lupit, are shown in Fig. 8. The dis-
tributions for both terrain types are compared using the delayed time (44 h) after passing through the desilting tunnel without a
guiding channel as the reference point. This facilitates comparison of the differences between having and not having a dredged guiding
channel. Simulation results from the Typhoon Lupit event indicate that, under terrain conditions with a dredged guiding channel, the
velocity required for sediment to reach the entrance of the desilting tunnel is faster and concentrated than without a dredged guiding
channel, and the sediment concentration at the entrance is higher. These findings are consistent with the results in Table 6 and Fig. 7.

Table 7 summarizes the simulation results, comparing transportation time, desilting efficiency, and peak concentration ratio for
scenarios with and without a dredged guiding channel. Across four reservoir operation strategies, transportation time differences were
minimal. When substantial inflow turbidity is released downstream through the desilting tunnel in the midstream section of Nanhua
Reservoir, the inflow turbidity reaches the dam site more rapidly in both dredged guiding channel scenarios. However, under con-
ditions with the dredged guiding channel, the inflow turbidity is more concentrated as it approaches the dam, thereby enhancing
desilting efficiency across all scenarios. The most significant efficiency improvement occurred in the sluicing operation scenario, while
the least impact was observed under free overflow conditions. The dissipation and entrainment effects, as shown by the peak con-
centration ratios, remained similar across scenarios. Without sediment management using the desilting tunnel or dredged guiding
channel, the inflow turbidity took longer to reach the dam site. Simulated desilting efficiency results further indicated that when
outflow volumes are similar, the desilting tunnel achieves greater sediment removal efficiency than the spillway.
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Table 6

Simulated hydraulic desiltation values.
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Cases

C-1
/C-1

/C-3

/C-4

C-5
/C-5

C-6
/C-6

Cases

C-7
/C-7

C-8
/C-8

C-9
/C-9

C-11
/C-11

Location

Measurement location of Sec.

Desilting tunnel

Intake at the dam site

Measurement location of Sec.

Desilting tunnel

Intake at the dam site

measurement location of Sec.

Desilting tunnel

Intake at the dam site

measurement location of Sec.

Desilting tunnel

Intake at the dam site

measurement location of Sec.

Desilting tunnel

Intake at the dam site

measurement location of Sec.

Desilting tunnel
Intake at the dam site

Location

Measurement location of Sec.

Desilting tunnel

Intake at the dam site

Measurement location of Sec.

Desilting tunnel

Intake at the dam site

Measurement location of Sec.

Desilting tunnel

Intake at the dam site

measurement location of Sec.

Desilting tunnel

Intake at the dam site

measurement location of Sec.

Desilting tunnel

Intake at the dam site

Time

(hr)

10

15

14

10

15

13

10

18
16

22
16
10
13
37
23
19
29
24
Time
(hn)
12
25
16
14
30
16
15
38
19
20
28
24

12

23
20

Time difference
(hr)

Time difference
(hr)

12

Peak concentration (ppm)

3816
11,218
2310
10,566
474
2443
4722
10,909
3218
10,319
332
1990
4906
11,217
3624
10,646
238
1863
3013
11,060
1377
10,627
312
2165
4106
11,127
2706
10,532
372
3204
4786
10,535
4067
10,022
451
2097
Peak concentration (ppm)

4294
11,112
3149
10,336
416
1784
5373
10,825
4142
10,329
337
1826
4219
11,106
2503
10,455
546
2333
4606
11,148
3315
10,719
358
1682
4606
11,219
3149
10,504
327
1660

Concentration difference
(ppm)
7401
8256
1969
6186
7101
1657
6311
7021
1625
8047
9251
1853
7021
7825
2832
5749
5955
1646
Concentration difference
(ppm)
6818
7187
1368
5452
6188
1489
6887
7952
1788
6542
7404
1324
6612
7354

1334

(continued on next page)
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Table 6 (continued)

C-12 measurement location of Sec. 13 11 -5 3572 7306
/C-12 6 10,878
Desilting tunnel 13 -6 2544 7889
7 10,433
Intake at the dam site 34 -5 588 1182
29 1770

4. Conclusions

This study developed, calibrated, and validated a two-dimensional numerical model of Nanhua Reservoir to assess turbidity current
dynamics, sediment transport processes, and desilting efficiency under various hydrological conditions. Comparisons with field
measurements and hydraulic model test data confirm that the 2DLAM model accurately reproduces sediment concentration evolution,
hydrograph behavior, and cumulative sediment discharge during Typhoon Lupit, Typhoon Kalmaegi, and a 25-year return period
event. The minor discrepancies in cumulative sediment load—1.63 %, 0.63 %, and -1.01 %, respectively—demonstrate high model
reliability and strong agreement with previous research findings (Lai et al., 2015; Huang et al., 2019; Hung et al., 2022; Lee and Du,
2025). Simulated desilting efficiencies ranging from 7.46 % to 25.09 % highlight the dependence of sediment release on inflow
discharge and sediment supply. Overall, the validated model provides a robust framework for analyzing turbidity current behavior and
optimizing sediment management in Nanhua Reservoir.

The analysis further shows that although empty-reservoir flushing can indicate the general pathway of deep scour, accurate
determination of the bottom-guided flow channel’s geometry requires higher discharge conditions and extended flushing durations. By
simulating a constant inflow of 1000 m?® /s with the desilting tunnel fully open for 120 h, the model successfully delineated the
erosion—deposition patterns necessary for designing an effective guiding channel. Consistent with earlier findings (Chen, 2020; Liu,
2023; Imtiyaz et al., 2024; Lee and Huynh Nguyen, 2024), the proposed dredged channel—extending approximately 3.8 km from
section 27 to section 10—provides a hydraulically favorable alignment and slope (0.0068) that improves sediment conveyance,
particularly through the mid-reservoir S-bend where morphological adjustments are most pronounced. The trapezoidal channel ge-
ometry, with a 100 m base width and 130 m top width, offers a structurally and hydraulically coherent configuration for future
guiding-channel implementation and reservoir desilting operations.

Event-scale simulations during Typhoon Lupit demonstrate that the dredged guiding channel substantially enhances the delivery of
sediment-laden flows to the desilting tunnel. With the guiding channel in place, turbidity currents travel more rapidly and with greater
concentration toward the tunnel entrance, thereby improving desilting performance across all operational strategies examined. The
most tremendous improvements occur under sluicing operations, while even free-overflow scenarios show quantifiable benefits. Peak
concentration ratios indicate similar dissipation and entrainment behavior among scenarios, but the guiding channel consistently
reduces lateral spreading and increases sediment discharge efficiency. In contrast, without sediment management structures, turbidity
arrival at the dam site is delayed and sediment removal is reduced. The simulations additionally confirm that, under similar outflow
volumes, the desilting tunnel provides markedly greater sediment removal than the spillway.

These findings align closely with the “main-channel characteristic” approach applied in previous studies to enhance sediment
transport under various water-level conditions (Chen, 2022; Imtiyaz et al., 2024). Under Q5 inflow conditions, this study demonstrates
nearly a threefold increase in desilting efficiency when employing a dredged guiding channel. Comparable trends reported by Lee and
Huynh Nguyen (2024)—where artificial guiding achieved over 75 % efficiency at low water levels, compared with approximately
65 % without guiding—underscore the broader applicability of guiding measures. Notably, in this study, higher water levels were
associated with improvements exceeding fourfold under similar Q5-type conditions. Differences among studies in guiding-channel
placement—from the midstream region to areas immediately upstream of the dam (Imtiyaz et al., 2024)—further illustrate how
channel geometry and alignment influence performance. Overall, the findings conclusively demonstrate that well-designed dredged
guiding channels significantly enhance desilting operations and improve reservoir sediment management outcomes.

The broader implications of this research extend to sediment-laden river-reservoir systems in diverse hydrological and geomor-
phological settings. The validated two-dimensional modeling framework offers a versatile, practical tool for evaluating desilting
strategies, predicting turbidity current behavior, and supporting reservoir operation planning. The observed reduction in sediment
concentration during reservoir passage and the strong correlation between inflow and internal sediment levels provide actionable
insights into sediment routing and operational timing. The study highlights that strategic adjustments—such as timing desilting tunnel
operation during high-inflow periods, optimizing sluicing discharges, and maintaining dredged guiding channels—can substantially
improve sediment release efficiency. Integrating hydrodynamic modeling with operational, ecological, and structural considerations
will therefore be essential for transitioning toward more adaptive and sustainable reservoir sediment management.
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Table 7
Improvement of transportation time, desilting efficiency, and peak concentration ratio.
Scenarios Dredged guiding Free Downstream replenishment Sluicing Flood
channel overflow sediment flushing operation mitigation
swW) (DT) (DT) (DT)
Transportation time (hr.) at DT Without 12.50 11.0 11.0 12.5
With 8.0 7.0 6.5 7.0
Shorten time (hr.) Without-With 4.5 4 4.5 5.5
Desilting efficiency (%) Without 0.96 6.55 4.79 3.14
(Z(DT/ Guanshan No. 9 Bridge) or(SW/ With 6.61 16.47 21.26 15.85
Guanshan No. 9 Bridge))
Average increasing percentage of desilting efficiency ~ With/ Without 5.65 9.92 16.47 12.71
(%)
Peak concentration ratio (DT/ Guanshan No. 9 Bridge Without 0.08 0.11 0.10 0.07
or SW/ Guanshan No. 9 Bridge) With 0.32 0.31 0.32 0.32
Average increase of peak concentration ratio With/ Without 0.24 0.20 0.22 0.25
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