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REVIEW

A Technical Review on Reservoir Sedimentation
and their Mitigation Strategies

Sadique Khan

Civil and Environmental Engineering Department, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia

ABSTRACT

Sedimentation in reservoirs is a critical concern of the 21st century which has affected the sustainability and function-
ality of water retaining structures. This technical review paper on reservoir sedimentation provides a comprehensive
analysis of their causes, mechanisms, and their mitigation/control techniques. The paper starts with sedimentation
in the reservoir at a global scale focusing on natural (Soil Erosion) and anthropogenic (man-made) factors such as
deforestation, land clearing for agricultural purposes, and urbanization contributing to sedimentation in the reservoir.
The origin of sediment is heavily influenced by topographical features, with origins located far-reach, mid-reach and
near the reservoir. The sedimentation in reservoir had significant impacts which includes storage loss of reservoirs,
degradation of aquatic habitat and soil pollution. A different physical process that is involved in reservoir sedimentation
such as turbidity current, delta migration, climate change, and flow circulation are discussed in detail. Various mitigation
strategies such as sediment yield reduction, routing of sediment through/ by reservoir, and removal of sediment by
mechanical means are used in different parts of the world are presented. Case studies from different regions are
selected to show the effectiveness of these strategies in real-world situations The success of sedimentation management
strategies is dependent on site-specific factors such as topographical features, vegetative cover, climatic conditions,
sediment properties and reservoir geometry. Among all the sedimentation management strategies discussed in the paper
special attention is given to Flushing and Sluicing process while the growing implementation of bypass tunnels has
also been observed in countries like China, Japan, and Switzerland. In later section paper also highlight the limitation
of those strategy among which the efficiency of flushing process requires further investigation as future research.
In addition, numerical modelling such as with RESCON 2 software can be used to understand the sediment flow
behaviour near dams. In a later section, the paper also highlights the significance of integrated sediment management
plans which involves collaboration between policymakers, engineers, scientists and local people. Sustainable land use
practice like no till farming, vegetative cover to control soil erosion, routine monitoring of sediment deposition are
main components of this approach. However, challenges always remains such as funding constraints, conflict among
stakeholders, and uncertainties in due to climate change. Considering the scientific knowledge, engineering experts,
stakeholder engagement, and effective and sustainable solutions are necessary to ensure the functionality, durability,
and sustainability of reservoirs.

Keywords: Reservoir sedimentation, Causes of sedimentation, Mitigating reservoir sediments

1. Introduction

The increasing worldwide population needs sus-
tainable water supply systems but the main obstacle
to tackling these demands in water storage reservoirs
is sedimentation [1]. Sedimentation is a phenomenon
of erosion of solid surface and transportation of finer

particles with river or valley water that get settled
downstream of the reservoir due to low water veloc-
ity. It reduces the capacity storage of the reservoir
as well as hinders river water flows. The durability
of the hydraulic structure is also reduced due to sed-
imentation [2]. Sedimentation is a serious issue for
the sustainability of hydraulic structures. The global
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Fig. 1. Sediment equilibrium at pre- and post-impoundment is the total management decision.

storage capacity of the reservoir is estimated to be
6.1 × 1012 m3 out of which 2 × 1012 m3 is lost
because of sedimentation problems which is approx-
imately 32.8% of the worldwide storage capacity of
the reservoir. Studies say that loss of storage capacity
is approximately 0.5–1.0% per annum. It has been
approximately calculated that half of the worldwide
storage capacity of reservoirs will be lost by the end
of the year 2050 [3]. Sedimentation causes ground-
water level rise on the upstream side which results in
flood, and vegetation loss downstream [3]. Ensuring
the long-term sustainability of reservoirs is a manage-
ment decision (Fig. 1). Designing dams or reservoirs
without considering long-term management strate-
gies related to sedimentation is not a sustainable
process and engineering practice [4].

Let the total capacity of the reservoir is 30 million
cubic meters and the dead storage to be maintained
is 6 million cubic meters with average volume ac-
cumulation of sand is 0.15 million cubic meters per
annum. After making calculations, the dead storage
will be full of sediment in just (6/0.15 = 40) years
and for total storage, it will take (30/0.15 = 200)
years. Therefore, if proper management strategies are
not applied after 200 years it will be nothing but just
a reservoir full of sand and silt [2]. Study reveals
that there are three different stages in a hydraulic
structure life (1) Continuous and rapid accumulation
of sediment, (2) Partial sediment equilibrium (fine
sediments are in equilibrium and coarse sediment ac-
cumulates), (3) Full sediment balance (where inflow
and outflow of sediment particle size are same or
constant). It has been observed that in most parts

of the world the reservoir is in continual stage of
sedimentation [2].

Most civil engineering structures like buildings,
highways, and other mechanical systems can be sub-
stituted or demolished and constructed again after
they passed their durable life or become old. This
approach does not fit dams or reservoirs when they
become sedimented because they are huge structures
and clearing huge dams from sedimentation is not
a feasible option and it becomes an uneconomical
approach. Site selection for new dams like geological,
hydrological, and morphological physical are also a
major concern while designing new dams [4]. In a
book published it has been demonstrated the “Twen-
tieth century had focused on building new dams while
21st century will focus on mitigation strategies to
enhance and extend the life of existing reservoirs” and
it will be most feasible if we start it today [5].

1.1. Research gaps

• Prediction of Sedimentation in the reservoir and
its measurement

Existing methods of sedimentation measure-
ment in the reservoir need improvement to
measure the sedimentation rate over time. Cur-
rent models of sedimentation measurement do
not account for all the variables which leads
to discrepancies between actual and predeter-
mined sedimentation rates. Introducing better
tools for sediment accumulation monitoring in
the reservoir will provide effective sedimentation
management.
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• Sediment management techniques
More research is needed to develop sustainable

sediment management techniques. Some of the
current techniques like dredging, bypass tunnels,
etc are not feasible and uneconomical.

• Effect of Sedimentation on Ecosystem
Sedimentation in the reservoir affects the eco-

logical system both upstream and downstream of
the reservoir. These effects include groundwater
depletion, risks of flood downstream, marine life,
and vegetation loss. Considering the long-term
ecological effects of sedimentation in reservoirs
will help in designing better sediment manage-
ment practices.

• Lifecycle Assessment of Reservoir
Reservoir sedimentation results in the storage

loss of reservoir which ultimately affects the sus-
tainability of the reservoirs. It has been observed
that less research has been done on lifecycle as-
sessment of reservoirs, especially in the initial
phase of design and planning of the reservoir. A
lifecycle assessment must be done to ensure the
durability and sustainability of reservoirs.

• Economic Analysis of different sediment manage-
ment strategies

A detailed economic analysis of different sed-
iment management strategies is needed to un-
derstand the cost benefits associated with each
sediment management strategy.

• Case Studies and Best Sediment Management
Practices

Different case studies on sediment management
around the world give valuable insight into deal-
ing with sedimentation in reservoirs. Identifying
those practices and selecting the best practices
will enhance the durability and sustainability of
future projects.

• Policy and Regulatory Framework
Further research is needed to improve the

existing policies and regulations related to sed-
imentation in reservoirs. This can be achieved
through proposing new frameworks or improving
the existing policies.

1.2. Sedimentation: Global scale

The main causes of siltation in reservoirs are
natural processes like erosion from water bodies,
sediment from rivers, anthropogenic activities like
urbanization, and heavy agricultural processes [6].
In a study, it has been found that in 1105 Dams
in the United States which have a storage capacity

less than 1.235×104 m3 the approximated sedimen-
tation is 3.5% per year. The annual loss in storage is
about 2.7% for the medium reservoir, and the average
sedimentation rate was 1.5% [7]. Another study re-
vealed that the Nizam Sagar Dam situated in Andhra
Pradesh, India was designed for a sedimentation rate
of 0.65 million cubic meters. While actual situation
was different which represents 10.7 million metre
cubic per annum. And finally, the reservoir lost its
70% capacity within 50 years [8].

In Central Europe, 19 reservoirs having a total stor-
age capacity of 155.4 to 244.08 million meter cubic
were sedimented fully at an average rate of 0.51%
annually [9]. Further study on the Mediterranean
basin shows that despite planned dead storage the
storage capacity of the reservoir is decreased with
an annual loss of 0.–0.5% in the northern region
while 0.5–1% in the southern region and frequent
losses in Maghreb and Spain [6]. Sedimentation in
South African reservoirs is a challenging issue, and
it has gained significant attention in the last two
years because of urgent water-related issues within
the country. Research indicates that in the year 2021,
Africa had 163 dams all over the nation with a
siltation rate of 25%. Of these siltation rates, sed-
imentation levels were 25–50% in 25 dams while
two dams with 90% siltation rate. Sedimentation has
significantly affected the major dam network in South
Africa because of natural processes, less management,
and anthropogenic activities [6]. In research, it has
been demonstrated that in the Manwan reservoir in
China, the siltation had affected downstream reaches
[10].

Another study which is related to the Xiaolangdi
dam, constructed on the Yellow River has affected
morphological features within 10 years of its op-
eration. A remarkable increase in water level (ap-
proximately 10m) has also been observed because
of sedimentation. Frequent reduction in river width
by nearly 50% as well as flow area by up to 50%
has been observed which disturbs the transporting
mechanism of the rivers and leads to flood disasters
in Northern China [11].The construction of the Three
Gorges Dam in China affected the East Dongting
Lake China including its vegetation cover, hydrol-
ogy, and Ecology. The construction of the dam has
also resulted in low water levels and annual sub-
mergence duration [12]. A case study demonstrates
that the sedimentation in a reservoir deteriorates
water quality for drinking and agricultural purposes
[13]. In the U.S., a study conducted on 24 reser-
voirs demonstrates that due to sedimentation the
storage capacity has lost nearly 17% of its initial
value with an annual average loss rate of 0.84%
[14].
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Fig. 2. Estimated annual loss due to sedimentation in large reservoirs in different countries globally adapted from [6].

Fig. 3. Estimated and forecasted total amount of accumulated sediment globally from the year 1940–2050 [6].

1.3. Predictions of dam siltation at the global level

Different studies have been conducted and revealed
that the global sedimentation rate is about 1% with
frequent variations from country to country and it
had reached up to 3.27% in Tanzania (Fig. 2). Esti-
mated observations have documented that the future
sedimentation by the year 2050 will reach 4000
billion cubic meters. Fig. 3 shows the amount of sed-

iment accumulated in large reservoirs globally from
1940–2050 [6].

1.4. Causes of sedimentation

As discussed above, sedimentation occurs because
of soil erosion but not alone, it’s a complex process
that can be categorized into two types-:

i. Natural Causes
ii. Anthropogenic or Human Causes
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1.4.1. Natural causes
• Geomorphology

The first natural cause is related to geomorpho-
logical features, which include patterns of land
surface, location, size, and shape of hills, ridges,
valleys, lakes, and rivers [2].

• Hydrogeology
While second is related to Hydrogeology which

determines whether groundwater is contributing
to the reservoir or vice-versa [2].

• Geology
Geology is also an important factor especially

for dams as it interferes more with natural envi-
ronments than other civil engineering structures
[2].

• Nature of Soil
The nature of soil explains the property of soil

which is a major factor for erosion leading to
siltation in the reservoir [2].

1.4.2. Anthropogenic causes
• Tillage Agricultural Practices

The first cause is tillage activities on mountains
and hilly areas leading to soil erosion because
agricultural activities affect the top layer of soil
[2].

• Overgrazing
Secondly, overgrazing by animals also affects

the top layer of soil which ultimately results in
soil erosion [2].

• Mining Activities
Mining activities which cause soil erosion be-

cause of high excavation and movement of ma-
chines and heavy equipment [2].

1.5. Research objectives

The objective of this term paper is to develop com-
prehensive strategies for mitigating sedimentation in
reservoirs. This can be achieved by:

i. Thorough examination of sediment manage-
ment techniques, like dredging methods, sedi-
ment bypass, sluicing, flushing, and watershed
management practices which are aimed at re-
ducing sediment input into reservoirs.

ii. Assessment of the effectiveness of those strate-
gies, their advantages, and limitations.

iii. Effectiveness of these strategies in diverse geo-
graphic and hydrological contexts.

2. Physical processes involved in
sedimentation

2.1. Route of sediments

The origin points of sediment as evaluated in liter-
ature are at far reach, mid-reach, and in the reservoir
[15]. The far reach includes the sediments gener-
ated on steep slopes of hills and valleys and finally
transported by the water in suspension form to the
reservoir [16]. Mid erosion point includes gully, rill,
and bank erosion of the streams [15]. In mid regions
cascading mechanism takes place in which the size of
sediment particles decreases because of abrasion and
crushing of coarser particles [17]. Reservoirs situated
near banks are more prone to subaerial and subaque-
ous landslides which is the main factor contributing
to sedimentation Fig. 4(a) [18]. In different studies,
the geomorphic stage of the reservoir is defined, and
it has been concluded that the deposition of sediments
in reservoirs is mostly associated with the size of
particles or gradation. Fig. 4(b) the deposition of sed-
iments in Turtmann Dam Switzerland, which shows
gradation of coarse sediments upstream while fine
sediments downstream [16].

Vegetation helps in combating reservoir sedimenta-
tion as it traps sediment particles by its root geometry.
It can be implied as the main control technique to
control erosion of soil by planting more vegetation
near the banks of streams and constructing wetlands.
It helps in reducing the formation of gullies and rills
near the bank side of the stream and ultimately re-
duces landslides [19].

2.2. Delta migration

When river flow reaches to reservoir its velocity
decreases which results in the settling of coarser
particles and forms a delta in the upper region of
the reservoir [20, 21]. Delta migration is the most
common pattern of sedimentation deposition in reser-
voirs which is formed in three regions from upstream
to downstream (top-set region, fore-set region, and
bottom-set region) [22–24]

The gradation of sediment reduces downstream, as
coarser particles are deposited in the top-set region
quickly, while finer particles move with the bottom
set by a phenomenon called turbidity currents. The
profile of the top-set region is mostly flat while the
fore-set region is defined by a large slope which varies
according to sediment load composition. The slope
point is called the pivot point, and it helps to move the
sediment load downstream by a continuous load of
sediments coming from the upstream side of the river
or stream. The position of the sediment pivot point
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Fig. 4. (a) Vitznau basin of lake Lucerne where the Lützelau subaerial rockfall and the Weggis complex of subaqueous slides are represented
(b) Sedimentation in Turtmann dam, Switzerland [15].

Fig. 5. (a) Delta migration of Gilbert-type into Wushe reservoir situated in central Taiwan; (b) Delta migration of Gilbert-type into the reservoir
of Wasserfallboden, Austria [15].

is related to sediment particle size, the shape of the
reservoir, the volume of accumulated sediment [25].

The origin of the delta depends on hydrology, mor-
phology, and sediment characteristics but it changes
drastically as observed in the case of the Wushe
reservoir situated in the Choushui River in Taiwan
Fig. 5(a). In only two months, the delta formed about
15% of the total length of the reservoir which is ap-
proximately 4.5 km. Fig. 5(b) is an example of Gilbert
type delta into the reservoir of Wasserfallboden, Aus-
tria [15].

2.3. Turbidity current

The sediment remains in suspension due to turbu-
lence produced in water media resulting in a phase
mixture whose density is higher than ambient water.
Turbidity current is the main cause of sediment trans-
port in lakes and reservoirs along with debris and
granular materials [15]. In several studies, the result
demonstrates that in Alpine regions, the main cause
of sedimentation in narrow reservoirs is turbidity cur-
rent [26].
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Fig. 6. Combination of factors like turbidity current, delta propagation, and sediment production from riverbanks causes sedimentation in
Cachi reservoir, Costa Rica [33].

The severity of turbidity current depends on shear
stress near the bed and turbulence intensity which
keeps sediments in suspension form. The longevity
of turbidity currents depends on discharge and the
sediment concentration [15]. Turbidity currents are
non-conservative currents because sediments are set-
tled and deposited by the force of gravity. More
sediments are generated mostly on slopes because the
shear stress is sufficient near the bed region which
causes flow to increase the concentration and make
it more turbid [27, 28]. As soon as turbidity current
reaches the reservoir it loses kinetic energy and is
converted to potential energy which results in homo-
geneity in sediment concentration and starts settling
at a vertical height near the face of the dam, this
phenomenon is known as a return turbidity current
[15]. A famous example of turbidity current whose
magnitude is recorded was observed in Sanmenxia
reservoir in which a 2-3m thick current was generated
at a speed of 0.6 m/s over a length of 50 km and bed
slope of 0.25% [15].

2.4. Flow circulation

The shape of dams is an important parameter that
controls velocity distribution causing sedimentation,
suspension of particles, and transport mechanism
[29–31]. The efficiency of sedimentation manage-
ment strategies depends on the geometry of the

reservoir [32], which can be observed easily in the
flushing operations of the Cachi, Costa Rica reservoir
(Fig. 6) [33].

A water-retaining structure like groins, dead
branches of trees, and river training structures creates
a zone where the velocity of flow becomes very low
which results in the formation of different sedimen-
tation patterns and development habitats which have
high ecological importance [15]. Groins and harbors
act as sediment traps depending on the geometry of
the reservoir [34]. In shallow zones covered with
mangroves, sediment gets trapped, settles down, and
barely enters flow because of low levels of turbulence.
Obstruction occurs in flushing operations in shal-
low areas because of the presence of water hyacinth
which traps the sediments [33]. Pumping operations
between the lower and upper reservoirs creates tur-
bulence and recirculation which causes a reduction in
sediment settling and enhances the sediment transfer
process between the two reservoirs [35].

2.5. Climate change

As demand for water increases every year, the stor-
age capacity of water will also be expected to increase
in the future. Reservoirs are very important struc-
tures built to store large amounts of water to mitigate
the effects of climate change [15]. Small reservoirs
are more susceptible to climate change because of
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Fig. 7. Classification of management strategies against reservoir sedimentation.

their limited storage capacity to withstand long-term
inflow variations [36]. In Alpine regions, because
melting of glaciers which generates moraines, en-
hances sediment supply to the reservoir [15]. The
effect of climate change on soil which is frozen at
high altitudes on mountains increases the chances
of erosion, ground subsidence, and landslides. High
precipitation causes more soil erosion and failure of
the riverbank [15].

3. Control/Mitigation strategies against
reservoir sedimentation

Before the year 1950, there was no concept of
sedimentation management in the planning phase
of new reservoirs [37]. But it gained significant at-
tention in late 1980 and by the end of the year
1990 publications on the influence of sediments have
started coming in and researchers have tried to gain
attention on sediment on water intakes and out-
flows. Reservoirs must be designed in such a way
that they can operate and minimize the storage loss
capacity. Mitigation methods can be employed be-
fore, after, or during the construction phase of the
dam and they can be applied temporarily or con-
tinually. Effective techniques are mostly applied to
remove sediment from the dam or around the dam
(bypassing sediment) [15]. A study shows mitiga-
tion methods are adopted to minimize the sediment
deposition and maximize bypass sediment through
flow some methods use bottom sluices, and some
are based on directly extracting sediment from the
reservoir [38]. Usually, the measures to protect reser-
voirs against mitigation are divided into three classes
(a) In river catchment i.e., upstream of the reservoir
(b) In the reservoir (c) At the dam, and sometimes
a combination of all these three [15]. There are
several mitigation techniques applied globally to pro-

tect or conserve the reservoir against sedimentation
but not all techniques are sustainable, efficient, and
economical. Choosing a suitable technique is always
site-specific because there is no standardization as it’s
a complex process that depends on a large number of
variables [39].

3.1. Classified management strategies against
reservoir sedimentation

To manage sedimentation problems in reservoirs,
an equilibrium approach focuses on sediment in-
flow and outflow, impacts of sediment downstream,
long-term storage, reducing hydropower issues, and
minimal environmental impacts. The classification
of management strategies can be grouped into 4
classes (Fig. 7) (1) Sediment generation from water
streams (2) Routing of sediment-loaded flows around
or bypass the reservoir (3) Removal of sediment to
reduce deposition and (4) Adaptive strategies which
focuses loss in capacity without taking into account
the equilibrium approach [4]. This section will review
methods adopted to mitigate reservoir sedimenta-
tion problems considering sustainability into account
which enhances the reservoir life period, least im-
pacts on downstream catchment, and increases the
efficiency of hydropower.

Strategies to control reservoir sedimentation are
area-specific and depend on the reservoir’s technical
conditions, hydrological conditions, financial avail-
ability, and environmental and optimal approach as
suggested in the review employing both proactive and
adaptive strategies will be a suitable approach. Both
proactive and adaptive strategies are adopted when
developing a reservoir for the long-term considering
sustainability as well as including changes from near
to future. A preliminary analysis is suggested which
can be done by RESCON2 software to generate results
[4].
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3.2. Silting control in reservoir

After summarizing the different literature pub-
lished on sedimentation control in reservoirs re-
searchers have compiled the mitigation problems in
the following different points.

(a)Protection from sediments producing Far-
reach upstream.

After a complete survey on sedimentation
management practices to control reservoir sedi-
mentation around the world, it has been found
that reducing sediment load to the reservoir
by employing watershed management prac-
tices is most common among other categories
[40]. It can be achieved by soil conserva-
tion mechanisms which include afforestation,
planting more trees or vegetation to provide
cover to soil vulnerable to erosion, slope sta-
bilization, crop rotation [15]. Many countries
have adopted watershed management practices
which include Indonesia, Morocco, Japan, and
France. The main drawback of watershed man-
agement practices is that it is too expensive and
time-consuming [39].

(b)Production of sediment at Mid-reach
It includes protection of stream bank from

failure, formation of rills and gullies, decreas-
ing residual load by constructing sand & gravel
settling basins, check dams, and transverse sills
[15].

(c)Sediment protection In-reservoir production
It includes the protection of stream banks and

slopes using hard or soft solutions (vegetation
cover or eco-friendly slope stabilization) [15].

(d)To establish a hydraulic regime in the reser-
voir

It reduces the accumulation of sediments by
reducing the capture or trap efficiency of the
dam. This method has been successfully car-
ried out in Switzerland, Japan, China, and other
countries. One of the common techniques is
sediment routing which can be divided as sedi-
ment passes through or bypasses. Passthrough is
achieved by increased velocity of flow (loaded
with sediment) without sluicing or density
currents. Bypassing is done to divert sediment-
loaded flow around the reservoir or divert the
sediment-loaded flow of low sediment concen-
trations from the main channel to a nearby
reservoir. Switzerland and Japan are the most
common countries using bypass tunnels. One
successful bypass tunnel project is the Solis hy-

dropower reservoir in Switzerland and the Miwa
dam in Japan [39].

(e)Removal of Sediments
This technique primarily focuses on the re-

moval of sediments from the reservoir. Two
common methods including flushing and dredg-
ing are used in this process. Sediment flushing
can be divided into free flow and pressure flush-
ing while sediment dredging can be done in two
ways which are mechanical dredging (dry exca-
vation) and hydraulic dredging (technique based
on hydro suction) [39].

(f) Adaptive strategies
Allocation of more dead storage volume by

increasing dam height, constructing new dams,
improvement in reservoir operation efficiency,
changes in intake and spillways structures, con-
servative practices, more effective irrigation
systems, and finally dam decommissioning [40].
Dam decommissioning is not a useful approach
that can be categorized under sediment manage-
ment but if the life period of the dam is over
it will be an economical option [40]. A com-
mon example of dam decommissioning is the
San Clemente and Old Carmel dams in California
[41].

3.3. Reduction in sediment yield

3.3.1. Reduce erosion
It is an approximation that 1/3rd of agricultural

land was lost because of soil erosion late twentieth
century. With a 0.43% loss in crop production annu-
ally European Union is suffering from severe erosion
of 12 million hectares of agricultural areas [4]. In
a country where Industrialized agricultural practices
are common, no-tillage farming is useful as it pro-
tects against soil disturbance as well as maximizes the
protection of soil by vegetation and mulch. Tillage
farming has some other benefits which include an
increase in the water-holding capacity of the soil, en-
hanced biological activity, and soil organic content,
and less erosion when compared to common tilled
fields. A blog posted by the U.S. Agricultural Depart-
ment which promotes no-tillage agricultural activities
gained the attention of farmers as the benefits include
less fuel expense and low time on tractors [42]. In
a study, that analyzed data for Central Oklahoma,
USA, between the years 1943-1948 and 2004-07 from
a sediment gauging point above Fort Cobb. The re-
duction in sediment yield had been achieved by 86%
(760-108t/km2/year), which is a result of watershed
management practices started in the 1950s. In China,
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sediment yield decline has also been observed on a
large scale in the Yellow River Basin [43, 44].

3.3.2. Trapping of upstream sediments
Small-on farm structures are a suitable approach

to trap sediments and prevent soil from erosion, it
also retains water in farm structures [45]. Taking an
example, In the USA alone 2.6 million small ponds
have been constructed which trap runoff from 21%
of the total drainage area which ultimately represents
25% of total soil erosion [46]. Check dams can be
considered suitable sustainable land use management
strategies if they provide stability against erosion and
vegetative cover. In China, there are large numbers
of check dams constructed on the Yellow River in-
cluding warping structures to restrict gully erosion
and provide fertile farm fields. Warping dams are
built in such a way that it protects against erosion
of soil with the main aim of conversion of gully floors
into productive farmland [4]. Because of steep slopes,
weak sedimentary profile, occurrence of earthquakes
frequently, landslides, and heavy rainfall, Taiwan
experiences the highest sedimentation problems glob-
ally. One example of the Shihmen dam which was
constructed in the year 1963 to supply water to Taipei
has an initial gross capacity of 309Mm3. But typhoon
Gloria hit during the first year of its operation and
accumulated 19.5 Mm3 of sediment into the reservoir.
Because of this catastrophic occurrence of typhoons
120 check dams were constructed in watersheds to
decrease sediment production. However, these check
dams provide minimal storage capacity for sediment
inflow and fill up completely. Again, a typhoon hit
in the year 2004 and accumulated 28.9 Mm3 of sedi-
ment and by the end of the year 2007 the dams had
lost 38% of their original volume capacity [4].

3.4. Routing sediments

High Temporal Variation in sediment-laden water
is a general characteristic of river streams globally
[4]. An example of high temporal variation is the
1993 heavy rainfall in Nepal resulted in the release
of around 85 Mm3 of sediment accumulated in the

Fig. 8. Sketch representing off-stream reservoir for sedimentation
control.

Kulekhani reservoir which ultimately creates a loss
in storage capacity which is equivalent to 100 year
of sediment accumulation in normal rainfall condi-
tions. It takes almost 3 years after the event, the
sediment generation returned to their normal levels
[47, 48]. Similarly, another example of the Caonillas
reservoir in Puerto Rico because of hurricanes which
resulted in 55 Mm3 loss in storage capacity which
was estimated to be equivalent to 50 years of normal
sediment accumulation [49].

The sediment routing concept focuses on min-
imal sediment accumulation by either bypassing
the sediment-loaded flows around the reservoir or
passing through the storage zones. Overall, it can
be summarized as storing clear water and divert-
ing/releasing the muddy water flows. This concept is
very suitable where frequent or extreme sedimenta-
tion problems occur. Five common strategies applied
to sediment control by routing are shown in Table 1
Below [4].

3.4.1. Off-stream reservoir
Off-channel is built outside mainstream construct-

ing small intake structures to divert the clear water to
the storage zone. Clear water is turned into off stream

Table 1. Sediment routing techniques for separating clear and muddy water [4].

Strategy Management strategy

Sediment Bypass:
(a) Off-stream Reservoir Divert clean water (normal flows) into storage
(b) Flood Bypass Divert muddy water (flood flows) around storage

Sediment Pass-Through:
(c) Vent Turbid Density Currents Vertical separation of clear and muddy flows
(d) Drawdown Sluicing Timewise separation of clear and muddy flows
(e) Compartmented Reservoir Horizontal separation of clear and muddy flows
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Table 2. Examples of sediment bypass tunnels around the World [53].

Reservoir/Dam SBT Dam Discharge Length Slope Reservoir Catchment
Country name commission commission [m3/s] [m] [%] volume [106 m3] [km2]

Swiss Pfaffensprung 1922 1922 220 282 3.0 0.15 390
Swiss Serra 1952 1952 40 425 1.6 0.18 34
Swiss Runcahez 1962 1961 110 572 1.4 0.48 50
Swiss Ual da Mulin 1962 1962 145 268 4.3 0.06 25
Swiss Val d’Ambra 1967 1965 85 512 2.0 0.4 24
Swiss Egschi 1976 1949 50 360 2.6 0.4 108
Swiss Palagnedra 1978 1952 220 1,760 2.0 4.26 140
Swiss Rempen 1986 1924 80 450 4.0 0.5 43
Swiss Hintersand 2001 38 1050 1.2 0.11 35
Swiss Solis 2012 1986 170 968 1.9 4.1 900
Japan Karasuhara/ 1905 1905 333 (channel) 1.3 1.24 19

Tachigahata 139 (tunnel)
Japan Nunobiki 1908 1900 39 258 1.3 0.76 10
Japan Asahi 1998 1978 140 2,384 2.9 15.47 39
Japan Miwa 2004 1959 300 4,300 1.0 29.95 311
Japan Matsukawa 2016 1974 200 1,417 4.0 7.4 60
Japan Koshibu 2016 1969 370 3,982 2.0 58.0 288
Taiwan Nanhua Presume. 2018 1994 1000 1287 1.85 144.0 108
Taiwan Shimen In planning 1964 600 3702 2.89 310 760
Taiwan Tsengwen 2017 1973 995 1235 5.32 N.A 481

(also Zengwen)
Pakistan Patrind 2017 2017 650 140 1.12 6.0 2400
France Rizzanese 2012 2012 100 133 6.9 1.2 N.A

channel with the help of gravity and the pumping
process while sediment-loaded flow will bypass. Off-
stream reservoirs serve different purposes like water
supply and regulation of river run storage and hy-
dropower generation. This method is highly efficient
in sediment reduction. Two examples of streams built
in Puerto Rico, Rio Fajardo & Rio Blanco which
approximately reduced 90% of the sediment-loaded
flows [50]. A schematic view of the Off-stream reser-
voir is shown in Fig. 8 [4].

Off-channel provides many benefits other than sed-
imentation control, such as coarser particles left in
the river stream instead of going to the reservoir
thereby enhancing the geomorphic and ecological
conditions downstream [4]. Knellpoort Reservoir in
South Africa is a good example of an off-channel
reservoir that solves pre-existing sedimentation prob-
lems. In Welbedacht municipal water supply reservoir
was built on the Caledon River to prevent sedimenta-
tion by the flushing process. However, the outlet work
was placed too high, and less flushing time reduced
flushing efficiency because of that reservoir lost its
86% capacity in the first 20 years of its operation
[51]. Again in 1989 Knellpoort off-channel was built
15km upstream as an alternative to storage capacity
and reduced sedimentation. River water is sent to
the reservoir by pumping mechanisms and sent via a
canal which is facilitated by the desilting basin [51].

3.4.2. Sediment bypassing
This technique is used to divert the incoming

sediment-loaded flow around the reservoir to prevent
it from entering the reservoir. A weir is constructed
upstream to divert sediment-loaded flow into a
bypass tunnel which finally releases this sediment-
loaded water to the river stream downstream. Weir
diverts flow when a high load of sediment concen-
tration is coming to the reservoir but as soon as
concentrations of sediment decrease, water is permit-
ted to the reservoir [52]. The perfect geometry for
constructing sediment bypass structures where the
river takes a sharp turn, which makes the gradient
steeper which helps in gravity flow, and the shortest
path for the bypass tunnel is achieved [52]. However,
there are very less bypass tunnels constructed with
only 30 examples globally [4]. Japan and Switzerland
are at the top list for constructing bypass tunnels, In
Japan [52]. The main feature of 21 sediment bypass
tunnels which 10 are in Switzerland, 6 in Japan, 3 in
Taiwan, and one each in France and Pakistan, Table 2
[53].

The oldest bypass tunnel was built in Japan on
a municipal water supply reservoir (Nunobiki Dam)
which is situated near Kobe city and was built after
the dam was completed in the year 1900. This by-
pass tunnel diverted sediment-loaded water for 100
years as demonstrated in a study [52]. Pfaffensprung
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Table 3. The different arrangement system of installing sediment bypass tunnels to reservoir [4].

Divert Drawdown below
The case scenario Release strategy bed load min level Bed load/Delta

Sluice gate and
suspended load
Via Bypass
Tunnel

Yes No requirement for
a bypass

Bed Load Intercept
above the reservoir

Drawdown for bed
flushing and
suspended load
release through
the sediment
bypass tunnel

Yes Depends on design Delta diverted
through a diversion
weir

Low-level outlet
and suspended
load through
sluicing by SBT

No No requirement for
bypass

Both delta and bed
load are managed
by excavation

sediment bypass tunnel was the first bypass tunnel
built in 1922 and is described as a Swiss method of
sedimentation control [4].

Bypass tunnels are mostly built for supercritical
flow whose maximum velocity range is 10 to 15 m/s.
The most used configuration is type-A which diverts
sediments coming from upstream of the reservoir by
using weir diversion. When the weir is submerged it
acts as a wall and allows the surface to flow into the
reservoir while water with heavily loaded sediment is
transferred to the tunnel [4]. Table 3 represents the
case scenario of different types of building sediment
bypass tunnels and their preferred arrangement.

The entrance of the sediment bypass tunnel of
type-A built at Asahi Reservoir in Japan is shown in
Fig. 9(a) which shows the entrance point of the tunnel
located upstream of the weir. When high flow occurs,
the entrance of the tunnel is fully submerged by water
received from check dams and it forms orifice flow.
Full submergence which creates low velocity ahead of
the bypass tunnel entrance will prevent coarser parti-
cles from entering the tunnel. But as soon as the water
level decreases and free flow occurs at the entrance
of the tunnel, shallow flow with high velocity again
transfers coarser material into the tunnel [4]. This is
shown in Fig. 9(b).

The second configuration presented as type B, built
a bypass entrance downstream at a lower level which

ultimately reduces tunnel length. In this type, the
reservoir must be drawn down to stabilize delta sed-
iments through the tunnel and protect the delta from
reaching downstream and overtopping the normally
submerged weir. Solis hydropower in Switzerland is
an example of a type-B sediment bypass tunnel with
a diversion weir [4]. The limitation of bypass tunnel
is abrasion of the tunnel floor because of coarse bed
load, and gravel. Miwa Dam (Japan) has a total capac-
ity of 30 Mm3 and uses a type-A diversion weir which
removes coarse bed material through a bypass tunnel
by preventing sediment with the help of a check dam
on the upstream side [54]. Fig. 10 will explain the
bypass tunnel arrangement at Miwa Dam Japan.

The third Configuration of bypass uses no weir
at the upstream side, and it releases the sediment
upstream by different means. This configuration is
based on flushing by turbidity current generated
in the reservoir [55]. Type-C configuration exam-
ple can be seen in Nepal where a reservoir is used
for hydropower generation. This type of configura-
tion creates a head pond upstream of the reservoir
which acts as a sedimentation basin upstream. The
schematic view is illustrated in Fig. 11. The by-
pass tunnel of the C-configuration passes all the
flow, exceeding the turbine design flow capacity.
Nepali mountainous river is a canyon and narrow in
shape which gives a good advantage of flushing the
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Fig. 9. (a) Entrance point of bypass tunnel at Asahi reservoir, Japan having diversion weir left side (b) Sediment bypass behavior indicates
discharge of bed material at lower flows when the tunnel mouth is not submerged, resulting in scouring velocities across [4].

Fig. 10. Bypass tunnel arrangement at Miwa Dam, Japan.

sediment upstream of the reservoir by outlet struc-
tures [4].

3.4.3. Venting turbidity density currents
Turbidity density current is generated in the dam

when a high sediment-loaded concentration of water
is separated by a lower density of water and flows
along the reservoir without mixing. Turbidity current
will dissipate when the bed surface of the reservoir
is uneven which causes turbulence in the water. In
most of the reservoir’s turbidity current is the main
mechanism of sediment removal through the dam by
practice termed venting [11]. Fig. 12 this technique
is most feasible in large reservoirs where other tech- Fig. 11. Schematic of type C-configuration in Nepali reservoir.
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Fig. 12. Sketch of turbidity venting current.

niques do not work. The main concern for sediment
removal through this process is that the reservoir has
a significant velocity which causes the sediment to be
in suspension and travel downstream easily [5]. This
process becomes more significant during the season
of floods, in which sediment is delivered downstream
by natural means. Sanmenxia and Xiaolandi reservoir
uses this process to remove the sediment along with
the flushing technique [5].

The turbidity current mechanism is based on the
configuration type-c MENTIONED above. Turbidity
current releases fine sediment which passes the hy-
dropower turbines with very little abrasion allowing
their discharge to the downstream side. Releasing
the sediment through hydropower turbines is very
beneficial as it helps to reduce the loss of storage
capacity and maximize the availability of volume to
accumulate more coarser sediments [4].

3.4.4. Sluicing (By Reservoir Drawdown)
Sluicing is the process of discharging the high flow

coming to the reservoir during periods of extreme
events and floods. It aims to release the incoming
sediment-laden water downstream which minimizes
the sedimentation. In this way, some past deposited
sediment also gets scoured and transported through
the dam downstream, but the main objective is to
reduce the chances of incoming sediment accumula-
tion [56]. Sluicing can be done by lowering the water
table in the reservoir so that when high flow reaches
the reservoir, can be released easily. Large capacity
outlet structures are required to release the large flow
coming to the reservoir, in the meantime maintaining
low water levels and sufficient velocity and transport
capacity. The structures can be kept at the bottom
of the reservoir, tall crest gates can be used for this
process [52].

In China, there is a saying regarding sluicing “Store
clear water and release muddy water”. Three Gorges

Dam is designed in such a way that during seasonal
rainfall it maintains the required drawdown to pass
the high sediment-laden and at the same time mo-
bilize the sediment deposited in the past. Sluicing
can be very effective in long and narrow reservoirs.
At the same time, it is also effective in small reser-
voirs with deep high-capacity low-level outlets [57].
Sluicing focuses on the release of muddy water and
at the same time, this process does not produce high
suspended sediment concentration which is linked to
the emptying and flushing of the reservoir. Even in
this case, when sluicing scours the already deposited
sediments the peak sediment concentration because
of large flow is still less than flushing. Considering
all these benefits this process is considered to be an
environmentally friendly technique [52].

3.5. Removal of sediments from the reservoir

3.5.1. Flushing process
The flushing method of removing sediment is based

on scouring and removing the accumulated sediment
in the reservoir using accelerated flows which is pro-
duced by smooth and quick opening of the low-level
outlets of the dam [58]. This method is done in three
ways which involve Pressure flushing (partial draw-
down of the reservoir), Free flow flushing (complete
drawdown of the reservoir or emptying the reser-
voir), and Turbidity density current [4, 39]. Pressure
flushing aims to release the water through low-level
outlets and water is drawn partially to the minimum
pool level. Free flow flushing is the process of emp-
tying the reservoir either partially or in most cases
fully up to the sluice gate level. Flushing of dams
in series is a special case of removing the sediments
from the reservoir by flushing dams in series which
scoured the accumulated sediments from upstream to
downstream side with minimal sediment deposition
[59].
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Fig. 13. Sketch of drawdown flushing in an eroded channel.

Table 4. Successful flushing operation in different countries.

Dam Location References

Unazuki & Dashidaira Japan [61–63]
Sanmenxia China [64, 65]
Cachi Costa Rica [66]
Gennisiat France [67]
Gavins’s point South Dakota, Nebraska [68]

3.5.2. Drawdown flushing
Drawdown flushing aims to empty the reservoir

fully using low-level outlet gates /sluice gates. The
best flushing can be achieved by developing river
flow situations upstream of the reservoir, which is in-
fluenced by narrow valleys having steep slopes, steep
longitudinal slopes, discharge in the river maintained
to threshold limit to mobilize the sediments and trans-
port it downstream and installing low-level outlet
gates [5]. This technique is feasible in small reservoirs
and rivers with heavy seasonal flow patterns [59].
Flushing in flood season has greater advantages be-
cause of high discharge availability, and more energy
which causes high erosion so that incoming sediments
as well as sediment deposited in the past released
downstream of the reservoir [5]. The schematic view
of drawdown flushing can be seen in Fig. 13 [60].

The literature review studies indicated some of the
successful flushing operations in various countries
such as Unazuki & Dashi Daira dam “Japan” [61–63],
Sanmenxia dam “China” [64, 65], Cachi dam “Costa
Rica” [66], Gennisiat dam “France” [67] and Gavins
point dam “ South Dakota Nebraska” [68] are men-
tioned in Table 4.

In the study, certain measures have been estab-
lished for the flushing operation which include steep
longitudinal slope, High flow erosive velocity, and
narrow valleys having steep banks. Low-level outlets
to pass large flows, strong seasonal flow patterns
[5, 69]. In literature, different factors are suggested
that need to be considered for flushing operations
such as the Capacity of the reservoir, mean annual
runoff, and mean annual sediment inflow for success-

ful flushing the ratio of reservoir capacity to mean
annual runoff is not greater than 4% [69, 70].

Different environmental concerns can arise espe-
cially when flooding is done in a non-flood season
which keeps sediment left in the bed of the down-
stream channel. Ecologically important basins will fill
with sediment, gravel, and cobbles. Fine sediment
beneath the cobbles, clogs the bed which disturbs
the recharge of groundwater, and eggs of species, as
well as clogging the void spaces in between stone
which serves as habitat for aquatic invertebrates and
larval fish [71]. Flushing of sediment-loaded water
is avoided through powerhouses because it results in
the abrasion of turbines [52]. In general, frequent
flushing has less impact downstream as sediment
delivery is needed downstream for river health and
more often in small channels. Opening of gates grad-
ually and at fixed times such as during high flows
(rainy season or snow melt), possess less impact
downstream [72].

Sometimes flushing and sluicing are combined such
as during seasonal duration in which the pool is emp-
tied and low-level outlets are opened before the rainy
season starts which allows high flows to pass through
the reservoir empty and carry the deposited as well as
incoming sediments from upstream. This approach is
used in Chinese reservoirs on the Sanmenxia dam in
which the Yellow River is kept empty for 2 months
at the beginning of the rainy season which allows
sediment-loaded flows to transport the sediment ac-
cumulated during the last year and the incoming
sediment from the upstream during that period [65].

3.5.3. Dredging of sediment
Dredging is a technique to excavate the sediment

deposited below the water in the reservoir. It can be
categorized into two types (i) Mechanical dredging
which uses a backhoe, clamshell, and dragline, which
places the excavated sediment into the truck for fur-
ther transport for its disposal (ii) Hydraulic dredging
which transports sediment through the slurry pipeline
into downstream near to the dam or sometimes for
dewatering. The dewatered sediment can be used for
further uses such as in the case of Lake Spring Field
(USA) where these dewatered sediments are used
in farmland [5]. Hydraulic dredging is preferred as
compared to mechanical dredging. The mechanism of
hydraulic dredging is siphoned or hydraulic dredge
which uses the difference in water head between the
reservoir water surface and the discharge point near
the dam which works as slurry transport. One primary
concern in the slurry pipeline is friction losses which
hinder it to use within few kilometres of the dam [52].

In China, a hydraulic suction machine is used to
stir the sediment in the reservoir using hydraulic and
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Table 5. Case studies related to reservoir sedimentation and their mitigation strategies.

Dam Location Strategy of Mitigation References

Dashidaira Kurobe River, Japan Sluicing and Flushing [73–75]
Nunobiki Japan Check dams and Sediment bypass tunnels [53, 75–77]
Asahi Japan Sediment bypass tunnels [75]
Fort Cobb Reservoir Central Oklahoma USA Soil conservation practices [43, 44]
Shihmen reservoir Taiwan Check Dams [78]
Knell Port Reservoir South Africa Off Storage reservoir [51]
Pfaffensprung Switzerland Bypass tunnels [79]
Solis Hydropower reservoir Switzerland Bypass tunnel and diversion weir [80, 81]
Zengwen Reservoir Taiwan Turbidity current [4]
Cogsweel reservoir California Dredging [5]
Jansanpei Reservoir Taiwan Flushing and increasing the height of the dam [82]
Three Gorges Dam China Store clear water and release muddy water [3]

mechanical power, and then the sediment with high
concentrations is discharged downstream by using a
siphon. Mechanical dredging can be used when the
reservoir is empty [52]. It uses scrapers, dump trucks,
and other mechanical equipment. Mechanical dredg-
ing is less costly, but it requires a full drawdown of
the reservoir. It suits best those reservoirs which are
kept empty for part of the year such as flood con-
trol reservoirs. One example of Mechanical dredging
is the Cogswell reservoir on the river San Gabriel
(California) which was dredged between the years
1994 and 96 and 2.4 Mm3 sediment was removed and
transported to the disposal site with an associated cost
of 5.6 dollars/m3 [5].

3.6. Case studies

This section presents different case studies globally
focusing on mitigation control measures for reservoir
sedimentation. In every case study, the techniques
used to control the sedimentation in the reservoir
are highlighted such as sluicing, flushing, bypass
tunnels, watershed management, and mechanical re-
moval. These techniques will help to combat the
reservoir sedimentation to enhance its durability and
efficiency. This section presents an overview of differ-
ent and effective sediment management approaches
considering geographical context followed by refer-
ences to ensure the accuracy and relevancy of the
data provided. Some of the case studies as an example
across different parts of the world are shown below
in Table 5.

4. Literature review assessment

Reservoir Sedimentation poses difficult challenges
to the sustainability and functioning process of dams
and hydraulic structures globally. Sedimentation in
the reservoir is caused by erosion of the soil sur-
face leading to the removal of finer particles of

soil and transported it with the water reaching
upstream of the reservoir. One of the major con-
cerns related to reservoir sedimentation is the loss
of the storage capacity of the reservoir. There are
other causes of reservoir sedimentation as well dis-
cussed in the literature such as deterioration of
water quality and less durability of structures. This
paper presents a detailed analysis of reservoir sedi-
mentation mechanisms, causes, and their mitigation
strategies highlighting the importance of sustainable
sedimentation management in reservoirs. In litera-
ture analysis, this paper highlighted the causes of
sedimentation such as natural and anthropogenic.
Both causes include soil erosion, deforestation, agri-
cultural land expansion, and urbanization. In the
introduction, the paper presents the sedimentation
rate at the global level by analyzing different liter-
ature on reservoir sedimentation and the storage loss
capacity of the reservoir. A study referenced in the
paper which is related to Nizam Sagar Dam (Andhra
Pradesh), India revealed that the dam had lost 70% of
its original capacity within 50 years of its operation
(Varady 1984).

Similarly, there are several studies which have
been done on sedimentation including Central Eu-
rope, Mediterranean Basin, South Africa, and China
as presented in the literature. One of the studies says
that the Three Gorges Dam in China affected the veg-
etation cover, hydrological pattern, and ecological
concern at East Dong Ting Lake [12]. Deterioration
of water quality has also been observed because of
reservoir sedimentation [13]. In the United States, 24
reservoirs had lost their storage capacity by approx-
imately 17% of their original value with an annual
average rate loss of 0.84% [14]. Physical processes
which are involved in sedimentation are explained
and discussed in detail in the literature. These pro-
cesses include sediment routing, delta migration, flow
circulation, and turbidity currents. Climate change
has become an important concern leading to ero-
sion of soil and reservoir sedimentation. The effect
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of climate change leads to increased temperature and
erratic rainfall, melting of frozen soil on hillsides,
ground subsidence, and landslides [19].

The core of the paper is evaluating the different mit-
igation strategies in reservoir sedimentation. These
strategies are divided into 4 groups. The first cat-
egory includes sediment yield reduction which can
be achieved by introducing watershed management
practices which include afforestation, and construc-
tion of check dams. Countries that have successfully
adopted sediment reduction yield practices are the
USA, China, and Taiwan as presented in the literature.
The second category focuses on Routing Sediment to
off-stream reservoirs, through sediment bypass tun-
nels and venting turbidity currents. This sediment
strategy aims to reduce the sediment by either passing
it through the dam or by diverting it to stream chan-
nels such as bypass tunnels and turbidity currents.
The Solis Hydropower reservoir and Miwa dam in
Japan had successfully adopted the sediment bypass
tunnels. Several different countries have successfully
adopted bypass tunnels as presented in the literature
Table 2. The third category of mitigation focuses on
Sluicing and flushing. The purpose of sluicing is to
release the sediment-laden water through the dam
using an outlet gate (reservoir drawdown), while
flushing is adopted during the rainy season when
high flow reaches the reservoir. The high velocity
associated with rainwater releases the sediment load
coming to the reservoir as well as the sediment de-
posited previously because of the high erosive nature
of water. Both of these methods were successfully
employed in the Three Gorges Dam in China and
several Japanese Dams. Finally, the fourth category
of sediment control in reservoirs is sediment removal
which includes dredging, flushing, and drawdown of
the reservoir. Dredging is done in two ways, me-
chanical dredging, and hydraulic dredging. Countries
like China and the USA have adopted this sediment
control technique. The primary concerns related to
this technology are high cost and environmental harm
(the sediment carried through hydraulic dredging
must be disposed of safely).

5. Future recommendation

5.1. Avoiding sediment by selecting the best site

Site selection is very important for the reservoir to
control the reservoir sedimentation. Taking sustain-
ability into account, the selection of a site can be
made in such a way that it can adopt temporal and
spatial changes. As an example, sedimentation can be
reduced by giving priority to river channels having
low sediment-laden water. A site with steep slopes is

preferable as it passes the sediment easily through the
dam.

5.2. Consideration of future sediment management
plan in dam design

The long-term equilibrium profile i.e., the incoming
and outgoing sediment must be calculated during the
design phase of the dam using sediment transport
models. Gates must be implemented for the long-term
release of water through the dam. The location of the
gate is site-specific, but it can be set as low so that it
produces sufficient hydraulic capacity for long-term
sediment removal. For flushing in low flow period
gate must be placed at a lower level while for sluicing
it needs more water to withdraw so the gate for sluic-
ing is placed at a higher level. Placing radial gates is
a good option at the bottom of the dam.

5.3. Flushing dams in series

Sediment transport through the reservoir in series
is adopted when a river crosses the territorial bound-
aries. Conflicts between upstream and downstream
users give poor results as they operate independently.
Hence establishing the dam in series, it is very nec-
essary to share real-time data and coordinate with
the authorities to evaluate the efficiency of the pro-
cess and to transport the sediment easily. Long-term
availability and accurate hydrological as well as sed-
iment data are necessary to evaluate the impacts of
sediment. A survey of the dam is very essential for an-
alyzing the suspended sediment, monitoring sediment
downstream, and sediment which is accumulated by
flushing.

5.4. Behaviour of coarse and fine sediment

Transporting behaviour, trapping ability, and
downstream impacts of fine and coarse sediment are
different, and provision is made to assess them sep-
arately. In the majority of reservoirs, gravels are
trapped with 100% efficiency, causing gravel defi-
ciency downstream of reservoirs and it’s very hard
to transport them by sluicing or flushing except in
small reservoirs. Sluicing and flushing are adopted for
the removal of fine sediments. So, it is recommended
that the quality of sediment coming to the reservoir
is assessed properly before designing the dam.

5.5. Social, economic and environmental impacts of
sedimentation

As discussed above sedimentation not only disturbs
storage space of dams but also disturbs infrastructure
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and the environment. An example of Aswan Dam
which had reduced the flow of sediment downstream
to the river Nile by 98% [83]. This had reduced the
Nile Delta to 125–175 metre/year. Another Example
of Mississippi river delta which is also suffering from
erosion because of many dams in the way and lock
around the river [83]. Among 33 major wide deltas
Globally 24 are shrinking presently because of sed-
imentation in the reservoir. These Coastal areas are
more prone to heavy flooding because of erosion in
coastal regions and will result in sea level rise by an
expected value of 0.46m by the end of year 2100 due
to climate change [52].

It is true that sedimentation results in shallow stor-
age capacity loss but can also cause other problems
[4]. In a study, the primary consequences due to
sedimentation are aggradation of upstream and de-
terioration of downstream channels. Secondary and
tertiary problems include flooding, rise in groundwa-
ter tables, crop failure upstream, channel instability,
loss of access to diversion works, bridge piers and
abutments, and geomorphological disturbance down-
stream [84]. The total removal of sedimentation is
indeed neither possible nor viable, but it can be
controlled by adopting preventative measures to al-
leviate the storage capacity loss of reservoir due to
sedimentation [52]. Reservoirs storage spaces are
dual in nature i.e., exhaustible as well as renew-
able resource. If the reservoir is designed by motive
to fill with sediment in future, then the reservoirs
are said to be exhaustible resources while reservoirs
which are designed by considering the preventative
measures against sedimentation are categorised in re-
newable resources. Both of these facts proved that the
reservoir storage space prevention is a management
decision either they consider sedimentation manage-
ment approach or not [36].

According to Hotelling Rule, cost-benefit analysis
is continued to assign a correct value for reservoir
sedimentation management approach to preserve the
storage space of reservoir which says for maximum
output for current and future generations the cost of
exhaustible resources must increase at proper interest
rate to increase the current value of reservoir in future
[85]. Good reservoir locations are limited in number,
and many are in operation, so reservoir storage space
must be considered as exhaustible resource in those
condition where sedimentation management is not
implemented. While if the reservoir sedimentation
management is induced into the design, operation
and management of reservoir the storage space are
considered as renewable resource. However, the eco-
nomic analysis for reservoir sedimentation control
is heavily dependent on the decision whether the

reservoir is considered as exhaustible of renewable
resource [86].

6. Conclusion

In conclusion, sustainable management of water
is a serious concern of the 21st century and in the
coming decades hence, reservoir sedimentation poses
significant challenges to sustainable water manage-
ment of water resources globally. In this paper, we
have explored the detailed review of sedimentation
mechanisms in the reservoir which includes the nat-
ural erosion process and anthropogenic activities
such as deforestation, clearing land for agriculture,
and urbanization. Sediment origin is at far reach,
mid-reach, and near the reservoir depending on the
topographical features. The different impact of sedi-
mentation including loss of storage capacity, impact
on aquatic bodies, and soil pollution is discussed.
Fortunately, we had discussed the mitigation strate-
gies to control the sedimentation in the reservoir.
These strategies including bypass tunnels, dredging,
flushing, and sluicing are explained in detail with
their advantages and disadvantages. Each sediment
management strategies discussed have their advan-
tages and disadvantages. Based on the analysis each
management strategy becomes successful when mon-
itored timely and implemented based on geographic
location, physical features, vegetative cover and cli-
matic condition, anthropogenic activities, sediment
properties, geometry of reservoir, geopolitical as-
pects, ecological concern, etc. Special attention was
given to the flushing and sluicing processes. While
in recent decades bypass tunnels have also been
implemented in many countries like China, Japan,
Switzerland, and many more.

One limitation is flushing efficiency should be con-
sidered for future directions. Also, numerical models
can be used to simulate the flow and sediment be-
haviour near the dam. Numerical modelling is the
best approach for engineers to choose the best op-
tion that is economical and hydraulically accepted.
RESCON 2 software has been mentioned in the
literature to analyze sedimentation behaviour in pre-
liminary design, but the result must be carefully
identified as sediment management is a complex
and site-specific process. Furthermore, it is a fact
that successful reservoir sedimentation management
can be achieved by collaborating with policymak-
ers, engineers, scientists, and local communities.
On the other hand, sustainable land use practices,
preventive measures against soil erosion, and rou-
tine monitoring of sediment accumulation are also
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needed for sedimentation management. There are
always some challenges that remain with sedimen-
tation management such as funding issues, conflicts
between policymakers, and uncertainty due to cli-
mate change which needs to be considered. Using
advanced technology coupled with increased aware-
ness of management programs poses opportunities
to develop more effective and sustainable solutions.
By combining scientific knowledge, engineering ex-
pertise, and stakeholder engagement, we can work
towards protecting the integrity and functionality of
reservoirs for future generations.
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