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The project offers valuable suggestions for improving the SR in the Naka River, including increasing
the frequency of sediment flushing, improving the materials used in the SR, and building new SR
stockpiles to ensure a consistent sediment supply during dry periods.

The project aimed to create a real-time monitoring system and assessment
approach for sediment replenishment (SR) in Naka River, Tokushima prefecture, Japan. The main
practice involves adding sediment using artificial deposits or injections to restore downstream
geomorphic ecology. We developed an image-based approach to detect the replenishment site"s flow
velocities and sediment erosion rates. We conducted a field visit and collected data from the Buech
River in France. We established a two-dimensional model to simulate the hydro-morphological changes
of SR in the Naka River. The impacts of flushing flow, replenished sediment, and the SR arrangement
were assessed using morphological alterations and two scientific indicators (the transport ratio
(TR) and the bed change indicator (BCl)). This project"s findings can help predict the SR erosion
processes and downstream geomorphological alterations of the SR.
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Humans intervene in river basins by
constructing hydraulic infrastructures like
dams to control water and climate variabilities.
However, these dams interrupt the connectivity
of rivers from the mountains to the sea by
trapping sediment in reservoirs and reducing
flood peaks. This significantly decreases the
quantity and quality of released sediments,
which are mostly very fine grain sizes. Also, the
flow transport capacity is significantly reduced.
To address this issue, innovative sediment
management options are needed to restore
sediment connectivity below dams. One such
technique is sediment reclamation (SR), which
can be implemented in over 27 Japanese dams
without requiring additional installations along
the river. However, extensive efforts are
required to dredge the sediment from the
reservoir, transport it by trucks, and place it on
the riverbanks using external machines. The SR
technique involves three phases:

1. Dredging the sediment from the reservoir.

2. Transporting it by trucks to the dams below.

3. Injecting it into the rivers by placing it on the
riverbanks.

Figure 1 illustrates the state of the art of SR
and its potential responses to downstream
reaches using various injection methods. i 4,2 EeEaYatRuchidam.
Specifically, SR is a method that utilizes trapped ~ Fig. 2: Examples of SR stockpiles in
sediment from upstream to replenish Japan, including the target study
downstream reaches artificially. Different area in Naka River, Tokushima.
characteristics of replenishment projects can be
investigated, including different replenishment methods (stockpile or injection), different
grain sizes of replenished sediment (fine or coarse), different locations and shapes of the
replenished stockpile, and different flushing flow (magnitude and frequency). The additional
sediment supply will directly lead to geomorphological changes, such as riffle, pool, bar
formation, and channel adjustment, which may further

influence  habitat quality and diversity. These
characteristics are the current research gaps in
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amount of sediment (approximately 1.7 million m3) is rato ater volume
replenished using a high-flow stockpile, with flushing flow P

rates ranging from 500 m3/s to 5000 m3/s. The project aims sediment

to dispose of the accumulated sediment upstream and ] Lroplement
restore the geomorpho-ecology downstream. Fig. 3: Studied variables in the

This project aims to develop a comprehensive tool for ~ field and numerically for
assessing the variables related to sediment removal (SR),  designing optimum SR
as illustrated in Figure 3. The effectiveness of SR in  options.
transporting scouring sediment under various flushing
flows was discussed based on two new parameters: the transported ratio (TR) and the total
flushing water volume (TFWV). Additionally, several indicators from existing literature were
used to intuitively present the downstream responses of SR, such as the Geomorphic Units
Survey (GUS), the Hydro-geomorphological Index of Diversity (HMID), and Fish Diversity
Index (H value).



The study assessed the impacts of flushing flow, replenished sediment, and the
arrangement of SR through morphological alterations and two scientific indicators: the
transport ratio (TR) and the bed change indicator (BCIl). The results revealed that a higher
magnitude of flushing flow does not significantly promote the erosion of SR sediment, with
an optimal value of approximately 40% of the original discharge. Introducing an additional
flood pulse can enhance SR erosion, increasing the eroded volume and TR by approximately
1.5% compared to a single flood pulse. Furthermore, adding a percentage of fine sediment to
the composition of the SR material can significantly enhance SR erosion and promote the
formation of riffles and bars near the SR site. Additionally, arranging double stockpiles at
the SR site can increase the TR by 3% and the downstream BCI by 0.01 m.

The findings of this study can help predict the stockpile erosion process and downstream
geomorphological alterations of the SR. Moreover, the study provides valuable
recommendations for the future optimization of SR in the Naka River. These
recommendations include increasing the flushing frequency, refining the SR material, and
constructing new SR stockpiles to maintain sediment supply during drought. Stakeholders
should evaluate the cost of SR optimization and the benefits of downstream restoration.

SR is being implemented to restore the continuity of sediment transport blocked by the
dam. The main question is how to recover the sediment balance volume, grain sizes, and flow
regime in a form close to the original state. For such alterations of sediment and flow values
below dams, the following questions were answered during this project:

1. How to design the timing of sediment supply in different sediment volumes, GSD,
and placement conditions under different flood wave magnitudes.

2. How to naturally erode and accelerate the SR stockpile of continuous and variable
flushing flows.

3. How can we optimize future SR implementation projects for hydro-geomorphic-
ecological recovery?

4. How do we assess the SR projects under different flow and sediment
characteristics? ..,
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velocimetry to measure flow patterns and
performed an on-site field survey to
measure gravel bars.

Subsequently, we developed a comprehensive assessment approach to evaluate the erosion
process and downstream impacts of SR, establishing several assessment indicators based on
the available data. Finally, we developed a 2D numerical model (TELEMAC-2D coupled with
Gaia) to comprehend the erosion process of replenishment and downstream geomorphological
changes. We designed several scenarios to analyze the influence of different flushing flows,
replenished material, placed volume, and locations based on the previous assessment
approaches, aiming to investigate countermeasures for the optimization of SR
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Fig. 4: Project research methodologies

Design of SR:
The proposed optimization for the sediment replenishment SR works in the Naka River is
summarized in Figure 5. When considering the downstream flood risks and the limitation of
releasing flow during dry seasons, increasing the frequency of the released flushing flow from
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illustrated in Figure 6.
Implementing a second
flood pulse promotes the
erosion process, particularly at the head and tail areas of the SR stockpile. The cross-sectional
bed elevation from the stockpile head to the stockpile tail is presented at the bottom of Figure
6. It is evident that the depth of erosion increases by approximately 1 meter at the head area
and by 0.5-2 meters at the tail area during 16-hour flushing flows. The velocity magnitude
near the SR site remains similar between 12-hour and 16-hour flushing periods at the first
flood peak, indicating that the flow magnitude does not significantly influence. The second
flood pulse contributes to an additional flushing process, facilitating SR erosion. However,
the erosion in the middle area remains similar, with no significant promotion. The flow
velocity in the middle area is higher, and the erosion is mostly completed after the first flood
pulse. During the second pulse, erosion is more likely to occur at the head and tail areas due
to the greater sediment accumulation in these locations. The TR and eroded volume
assessment between single and double flood pulses is examined. Across all scenarios of double
flood pulses, the TR increases by approximately 1%, and the eroded volume increases by
about 2000 m3, primarily due to the additional erosion at the head and tail areas.
Furthermore, higher TR is observed compared to the flushing duration and magnitude of the
second pulse. It is important to consider the pros and cons of the flushing magnitude and
duration. A higher magnitude can promote erosion with higher flow velocity (middle area).
At the same time, a longer duration can facilitate erosion in the area with lower flow velocity
(head and tail areas). Therefore, a medium magnitude and duration scenario is efficient for
SR erosion.

Fig. 6: How to naturally erode and accelerate the SR
stockpile of continuous and variable flushing flows.

Unified SR assessment:

In the framework of the research project for the target study area, the reach divided the
downstream area of the Naka River into 12 sections, each 1 km apart. The GUS indicators
were calculated for each section based on the geomorphic units survey shown in Figure 7.
The results for two indicators, GUSI-R and GUSI-D, from 2015 to 2018 for each section are
also displayed in Figure 7. A significant change in both indices is noticeable between 2015
and 2016 in the middle of the reach (3 km to 8 km), with a difference of around 30%.
Specifically, GUSI-R decreased, indicating that the types of units remained stable, while
GUSI-D increased, suggesting that the number of units was rising.

Additionally, the average value of both GUSI indicators is closely linked to the variation in



transported sediment from the replenishment site. GUSI-R decreased after the 2015
replenishment, while GUSI-D showed the opposite trend. The significant amount of sediment
transported in 2015 (300,000 m3) may be the main reason for such substantial changes. The
flushing flow carried sediment from the replenishment site and accumulated in the middle
reach after two years of flushing. The deposition of this sediment significantly altered the
formation and distribution of habitat structures, such as creating new bars and riffles.
Furthermore, GUSI-R and GUSI-D remained stable in the following years, likely due to the
reduced transported sediment from the SR site (70,000 m3 in 2017).
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Fig. 7: The GUSI-R and GUSI-D at 12 km downstream of the replenishment site
in the Naka River from 2015 to 2018

Summary of the research findings and recommendations for

e Sediment release (SR) combined with flushing flow can improve the downstream
environment by increasing gravel units (GU), enriching substrates, and adjusting the
channel.

. It's important to maintain an adaptable annual value of transported sediment
downstream (e.g. 100,000 m3for the Naka River) to avoid harming habitat quality or
GU maintenance.

. Adding fine sediment to SR material can significantly enhance SR erosion, requiring
long-term simulation to assess the impacts.

. An additional flood pulse can facilitate SR erosion but may limit downstream
morpho-ecology improvement due to varied sediment movements.

. Rearranging the current stockpile is not recommended for promoting SR erosion
while adding an extra stockpile at the left bank is preferable for enhancing SR
efficiency.

Please take note of the following recommendations for the Naka River and Buéch River:

1. Conduct field surveys such as bathymetric, drone, and fish surveys to assess the impacts
of continuous sediment removal (SR) in the Naka River. Additionally, conduct a survey
related to aquatic habitats in the Buéch River.

2. Implement additional calibration by collecting field measurement data of bathymetry, flow
velocity, water depth, and Ground Control Points (GCPs) to improve the quality of image-
based results. In the future, this approach can be expanded to use the Structure from Motion
(SFM) approach to study the erosion process of SR.

3. Provide more Digital Elevation Model (DEM) and hydrological data for calibration and
validation to enhance the reliability of the numerical model. To improve the model, consider
constructing monitoring gauges for measuring water depth, flow velocity, or Suspended
Sediment Concentration (SSC).

4. To optimize sediment removal in the Naka River, consider dividing the current single
sediment removal site into multiple sites to increase efficiency and maintain the adaptable
volume of sediment supply. If a suitable sediment source can be found, SR material that
facilitates erosion is also recommended.

5. For optimizing sediment removal in the Buéch River, continuous sediment removal work
is recommended to maintain positive responses in the downstream area, especially if the
stakeholders aim to restore the long-term effects of dam construction.
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