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1. Introduction 

Sedimentation in reservoirs is an increasingly serious natural hazard problem worldwide in both developed and 
developing countries. The sediment accumulation reduces reservoir storage capacity and it may affect other 
reservoir uses such as recreation and fish habitat. With proper sediment management techniques, negative effects of 
sediment can be reduced and reservoir life and performance can be improved. Effective reservoir sedimentation 
management requires knowing the amount of sediment deposited and the rate at which sediment deposition is 
occurring, as well as quantifying the hydromorphological and environmental change inside and also downstream of 
the reservoir. This information provides a baseline to assess changes in sedimentation as well as fish habitat and the 
effectiveness of implemented sediment management practices. 

Sedimentation problems tend to be dynamic, multidimensional, and multidisciplinary. Based on the advances in 
sediment research in recent years, numerical model systems for simulating hydromorphological processes as well as 
fish habitat are a complementary tool that could help to optimize solutions concerning technical measures and 
reservoir operation for reservoir management. The computer program system FAST has been developed at the 
Institute for Hydromechanics (Karlsruhe Institute of Technology) and the Institute of Hydraulic and Water 
Resources Engineering (Technische Universität München) to simulate morphological processes and fish habitat in 
alluvial rivers. The model system contains three components: (i) the hydrodynamic model, (ii) the sediment 
transport model, and (iii) the physical habitat model. The results of the hydraulic and sediment transport models are 
combined to determine habitat suitability for one or several target species in the study area as well as to assess 
temporal variation in fish habitat. The sediment transport module comprises semi-empirical models of suspended-
load and non-equilibrium bed-load. The bed-level change calculation is based on the massbalance for sediment. The 
hydrodynamic module is based on the two-dimensional shallow water equations. The secondary flow transport 
effects are taken into account by adjusting the dimensionless diffusivity coefficient in the depth-averaged version of 
the k-ε turbulence model. A quasi-3D flow approach is used to simulate the effect of secondary flows due to channel 
geometry on bed-load transport. In order to take into account the influence of bed material distribution on the 
evolution of the bed topography and consequently also on the flow field, a sediment transport module has been 
developed for fractional sediment transport using a multiple layer model. The sediment-transport rates depend on the 
bed-material composition, which itself depends on the history of erosion and deposition rates. Changes in the bed 
composition are not only restricted to a layer that is to the material exposed to the flow, but that a finer sub-layer 
also forms under the coarser surface layer. The governing differential equations for flow and sediment transport are 
solved numerically using a finite volume method with boundary-fitted grids. The physical habitat model based on 
the concepts in PHABSIM (Bovee, 1986; Milhous et al., 1989) computes the weighted usable area (WUA) and the 
overall habitat suitability index (OSI) for the species of interest under a given hydromorphological condition. The 
WUA is hereby based on two-dimensional distributions of habitat features in the horizontal plane of the river bed. 

In this paper, we present several results of the model application for: (1) Assessment of sedimentation and flushing 
efficiency for Shereik and Kajbar hydropower projects in the Nile River; (2) New concepts for sustainable 
management of the Woehrder Lake in the Pegnizt River; and (3) Long-term hydromorphological simulation and 
habitat in a reach of the High Rhine with barrages.  

2. Reservoir sedimentation and its impacts 

As a natural stream enters a reservoir and travels in the direction of the dam, flow conditions change substantially. 
Due to the increasing of the cross-section and the flow depth, the flow velocity becomes smaller. This reduces the 
sediment transport capacity and sediment carried into a reservoir will be deposited, causing bed aggradation. Coarse 



sediments are deposited near the upstream end of the reservoir, while the fine particles settle further downstream. 
Generally, the deposition begins with delta formation near the reservoir headwater area. However, aggradation in the 
upstream channel may occur over a long distance above the reservoir. Reservoir sedimentation processes vary with 
complex conditions over the entire basin such as watershed sediment production, rate of sediment transport, flood 
frequency, geometry of river, sediment properties, land use, dam operation and so forth. 

In a long, narrow backwater reach, the coarse deposit progresses relatively evenly from the upstream end of the 
reservoir in the direction of the dam. The longitudinal deposition can be divided into three zones: topset, foreset, and 
bottomset, as shown in Fig.1 (based on Morris & Fan, 1997). The topset of the delta consists of relatively coarse 
materials (bedload). There is an abrupt change between the slope of the topset and foreset deposits. The slope of the 
foreset is slightly less than the angle of repose of the sediment particles in still water. If density current is formed 
and moves along the bottom of the reservoir, the foreset will be modified and maintained with a much smaller slope. 
The main characteristics of the foreset reach are the rapid increase in water depth, the drastic decrease in flow 
velocity, the selective deposition of sediment particles, and the advance of the delta. Sediment particles on the topset 
bed are coarser than those on the foreset bed. The elevation of the transition zone from the topset to the foreset bed 
depends mostly on the reservoir operation rule. Fine deposits and flat slopes are the main features of the bottomset 
reach. 

The sedimentation processes 
in wide reservoirs with 
sudden widening inflow 
cross-sections are even more 
complex and irregular. The 
bedload is deposited in delta-
shaped formations, which, at a 
later stage, become traversed 
by several distributary 
streams transporting the 
settling particles to the 
channel edges. These 
distributaries keep migrating, 
causing the delta to spread 
approximately radially from 
the inlet. 

Reservoirs, due to their 
capacity to store water and to trap sediment, have the potential also to disrupt the natural flow regime and sediment 
supply in downstream rivers. The most common downstream hydrologic effects of dams are decreased magnitude 
and frequency of high flows, increased duration and magnitude of low flows, decreased connectivity between the 
channel and floodplain, altered timing of flow during the year, and altered temperature regimes. In addition, the 
sediment trapping starves downstream channels of sediment supply, resulting in modifications of downstream 
erosion and deposition processes. Scouring of a river channel immediately downstream of a reservoir commonly 
occurs but patterns of morphological change become more complex downstream. Changes in the flow and flood 
regime have implications relative to the competence of the river to carry sediment and to its ability to flush sediment 
deposited during low-flow events. Downstream along, where tributaries add more material to the river, aggradation 
may be more common than degradation. Lower regulated flows simply do not have the conveyance power to carry 
material produced by upstream degradation as well as that contributed by the tributary flow. 

Downstream ecosystem changes associated with dams frequently are caused by reductions in natural flood events, 
altered seasonality of flows, channel incision, loss of morphological complexity, coarsening of surface bed 
materials, increased interstitial fine-sediment content in surface and subsurface sediments, and physical 
disconnection of habitats upstream and downstream of the dam. 

3. Sediment management techniques 

Sediment management in reservoirs involves preserving storage in reservoirs and minimizing the downstream 
impacts. Three strategies can be used to control reservoir sediment. (1): the sediment delivered from the basin can be 
reduced by erosion control in the catchment area or upstream traps. This strategy may reduce long term sediment 
input. However, it cannot be the solution for already reduced reservoir storage. (2): several techniques are used for 
the removal of sediments. These include sediment sluicing, flushing, sediment evacuation and dredging. (3): bedload 

 
Fig. 1. Typical longitudinal bed profile upstream and downstream of dam 



management can be used to maintain the continuity of bed load transport. Active management is usually undertaken 
to preserve river depth for navigation purposes. It includes bedload relocation and artificial bedload supply. For the 
first method, dredging is implemented in areas where excess sediment is deposited, increasing the flooding risk of 
the area, and possibly creating a hazard for navigation. Artificial bedload supply is usually undertaken where erosion 
is excessive. It involves the regular dumping of suitable coarse material into the river in an attempt to reduce bed 
erosion. Other benefits of bedload management can include restoring complex alluvial channel morphology and 
enhancing sediment storage in bedrock-confined settings, as well as restoring longitudinal habitat connectivity, 
including improvement of spawning and rearing grounds for some certain fish species. 

The applicability of each method depends on factors, which include hydraulic limitations, hydrology of the stream, 
geology of the watershed, geomorphologic character of the river, and so on. Hence, we need to quantify the 
principle processes involved with sedimentation in reservoirs. Prediction of capacity losses, impacts on the stream, 
and distribution of sediments, as well as the efficiency of mitigating measures require modelling techniques, which 
can be used to analyse feasibility demands and optimise the project. 

4. Numerical modelling 

Empirical modelling has been considered for decades as the single tool for hydraulic engineering. Today numerical 
models are steadily more available and supply results with an always increasing level of confidence. They are 
considered as a credible alternative to classical scale models or empirical models based on field investigations for 
different applications. In this way, the computer program system FAST  is currently developed and used at the at the 
Institute for Hydromechanics (Karlsruhe Institute of Technology) and the Institute of Hydraulic and Water 
Resources Engineering (Technische Universität München) for simulating transport processes in rivers and for 
predicting the efficiency of instream measures as well as flushing operations. Typical applications of FAST include 
various aspects of river basins sustainable management.  

4.1. Flow field 

In the model the velocity field and water surface elevation are calculated from the two-dimensional shallow water 
equations, including the effects of bottom friction and turbulence. The bed shear stresses are determined by the 
quadratic friction law. The turbulent stress terms, which are usually important in rivers with complex geometry, are 
calculated with the aid of the depth-averaged k- turbulence model. In this model the dimensionless diffusivity is an 
adjustable empirical parameter which may be measured from dye-spreading experiments. The dispersion terms arise 
from splitting local quantities into depth-averaged values and deviations from these and then carrying out the depth-
averaging of the equations. The physical meaning of the dispersion terms is similar to that of turbulent stresses as 
both represent gradients of the transport of momentum. It was pointed out in previous studies that the dispersion 
terms can be of greater significance in depth-averaged calculations when secondary flows are present. The 
importance of these terms and of the turbulent stresses may be quantitatively of the same order. In a 2D depth-
averaged model the effects of the secondary motion can be accounted for indirectly by increasing the coefficient of 
exchange of momentum in the horizontal direction, i.e. the effective eddy viscosity. In the depth-averaged k- 
turbulence model used here this is achieved by increasing the dimensionless diffusivity coefficient. The value of this 
parameter is problem dependent and must in general be adjusted to the turbulent flow calculated. 

4.2. Sediment transport and bed change 

In rivers with graded sediments, the transport rate of the coarse size-fractions may be different from the transport 
rate of the fine size-fractions and consequently the total transport rates of all grain sizes may differ. Depending on 
the hydraulic parameters, the incoming sediment distribution, and the bed composition, some particle sizes may be 
eroded, while others may be deposited or may be immovable. Consequently, several different processes may take 
place. For example, all the finer particles may be eroded, leaving a layer of coarser particles for which there is no 
carrying capacity and consequently no more erosion may occur. The bed is said to be armoured. In order to account 
for these effects, the so-called size-fraction method can be used in a numerical morphological model. Here the bed 
material is divided into a number of size-fractions, each characterised by a certain diameter and by a volume 
percentage of occurrence in the bed material (probability). For graded bed material the sediment-transport rates 
depend on the bed-material composition, which itself depends on the history of erosion and deposition rates. 
Changes in the bed composition are not only restricted to a layer that is exposed to the flow, but a finer sub-layer 
also forms under the coarser surface layer. To reproduce these features, a multi-layer model is proposed, where the 
bed is divided into an active layer and several substrate layers. Sediment particles are continuously exchanged 
between flow and the active layer. They are exchanged between the active layer and substrate when the bed scours 



or fills. As erosion occurs, entrainment of sediment particles from the active layer and its ensuing downward 
displacement causes particles from substrate layers to be mixed with those in the active layer. On the contrary, 
deposition of sediment particles on the bed leads to an upward displacement of the active layer and the initiation of 
new substrate layers. Furthermore, in the processes of graded sediment movement, the coarser particles on the bed 
have a higher chance of exposure to the flow. The situation is reversed for the fine particles on the bed due to the 
fact that they are more likely to be sheltered by coarse particles. This effect (called hiding/exposure effect) results in 
a smaller critical bed shear stress for larger grains and a higher critical bed shear stress for smaller grains. Most of 
the studies on graded sediment transport have been based on introducing some kind of correction factors to account 
for this effect and used these factors to modify the existing formulas of uniform sediment transport. The bed load 
capacity for a particular fraction can be computed by using different theoretical bed load functions with some 
modifications by introducing different hiding/exposure factors, accounting for the reduction or increase of the 
transport rate of a particular size fraction. The bed-shear driven bed-load transport is in the direction of the bed shear 
stress and this coincides with the direction of the velocity near the bed. Unfortunately, this direction is generally not 
always identical to that of the depth-average velocity, as assumed in some models. In the present model system, the 
effects of non-equilibrium and bed slope on the bed-load transport are also taken into account. 

4.3. Physical fishhabitat 

A general assumption for all the physical habitat models is that the quality of habitat depends on the physical 
characteristics of the river. These models normally do not consider chemical variables such as pH, oxygen, or 
polluting substances. The physical conditions are combined with habitat suitability criteria (or habitat preference) 
curves to calculate the habitat area. These curves show the response of a species to an environmental gradient and 
thus the shape of these curves will vary with the nature of the gradient. The species response at each value of the 
environmental gradient is referred to species distribution models suitability index (HSI) for this environmental 
condition. In addition, to combine these species response curves, n-dimensional response surfaces can be 
constructed, that assigns a relative value between 0 and 1 for the target species. Many physical habitat models use 
two-dimensional surfaces for combinations of the most common variables such as depth, flow velocity and bottom 
substrate. Based on the concepts in PHABSIM (Bovee, 1986; Milhous et al., 1989), the habitat model computes the 
weighted usable area (WUA) and the overall habitat suitability index (OSI) for the species of interest under a given 
hydromorphological condition. The WUA is hereby based on two-dimensional distributions of habitat features in the 
horizontal plane of the river bed. The river bed is divided into cells and each cell is characterized by specific values 
of the physical variables. Based on these values, an HSI is attributed to each cell. The WUA is then obtained by 
integrating the habitat quality over the cells of the entire river stretch. The OSI is defined as the ratio of the weighted 
usable area and the total flow area in the horizontal plane. 

4.4. Numerical solution procedure 

The governing differential equations for flow and sediment transport is written in common tensor notation in a 
curvilinear coordinate system. These equations are discretized in the computational domain using the finite volume 
technique with a curvilinear non-orthogonal grid and a non-staggered variable arrangement. The central / upwind 
hybrid differencing scheme is employed in treating the convective and diffusive fluxes. In order to avoid 
checkerboard splitting for cell-centred arrangement, the momentum interpolation technique is used for evaluating 
cell face variables from centred quantities. The momentum equations coupled with transport equations for 
turbulence quantities are solved by an implicit finite volume procedure. The pressure or water depth, however, is not 
directly computed from the original continuity equation but with a pressure correction equation. For sediment 
transport calculation the finite volume procedure is also implemented. The bed level changes are computed using a 
predictor-corrector scheme. Based on the calculated results of the hydraulic and sediment transport parts, the size 
and quality of habitat is calculated using univariate habitat preference curves. More details on the model system and 
the numerical solution can be obtained from Bui (1998), Bui & Rutschmann (2010), and Rutschmann et al. (2013). 

5. Some applications of the model system 

5.1. Assessment of flushing efficiency for new hydropower projects in the Nile River 

The Nile River flows over 6,700km through ten African countries: Tanzania, Uganda, Rwanda, Burundi, Zaire, 
Eritrea, Kenya, Ethiopia, Sudan and Egypt. On the Nile, there are several dam reservoirs: two in Uganda, two in 
Ethiopia and a third under construction, five in Sudan, and two in Egypt. Further plans for new dams are under way. 
Most of them are built for multi-purpose e.g. irrigation, hydropower, water supply, flood control, navigation, 
fisheries, recreation, and environmental requirements. The use for which a reservoir was built can be sustainable, 
only where sedimentation is controlled by any adequate management, for which suitable measures and operation 



schemes should be devised. A modern 
approach to the design of new 
hydropower project requires good 
understanding and accurate predictions of 
hydro-morphological processes in the 
reservoir. 

This paper presents an application of the 
numerical model for flow and sediment 
transport in a reach at the 5th Nile cataract 
in Sudan, where the Shereik and Kajbar 
dams will be constructed. One of the main 
objectives of the study is to estimate the 
long-term hydromorphological changes 
due to reservoir impounding and to 
optimize sediment flushing scenarios with 
respect to reservoir capacity. The relation 
between trap efficiency and years of 
hydropower operation in these reservoirs 
is to quantify. A 1D hydro-morphological 
model was used for the whole river reach. 
The computer code FAST was applied for 
detailed morphological simulations in the 
area upstream of the dams. The flow rates 
passing the spill ways, sluice gates and 
turbines based on the in-flow discharges 
were taken in the model into account.  
Long term simulated results show that 

reservoir sedimentation is closely related to hydraulic detention time, and sediment routing minimizes hydraulic 
detention time by lowering the reservoir level during those events that transport most sediments. The effectiveness 
of this strategy is enhanced because sediment concentrations tend to be highest during the rising limb of the 
hydrograph. Thus, the reservoir pool can be maintained at a low level to pass the flood and its associated heavy 
sediment concentration. This study demonstrates that sediment can be effectively flushed out of the reservoir by 
drawdown flushing during floods. With well-devised drawdown-discharge relations and operation rules, it is also 
feasible to reduce sediment accumulation in the reservoir over an extended operating period. The effectiveness of 
the different operation schemes on the reservoir sedimentation were investigated. 

As an example, the calculated results for Kajbar dam are considered here. During the flood season, the flushing no.1 
(Fig. 2) started as the flow discharge reached 1500m3/s. The reservoir water level was fully drawn down from 
216.5m to 210m in a period of 8 days. All gates then remained open for a period of 53 days to keep the reservoir 
water level at 210m. During 8 days at the end of the flood wave, the gates were closed to get the water level at 
216.5m. The calculated velocity field shows that strong riverine flow occurs along the length of the reservoir. Aside 
from the flow domain near the dam structure and in front of the sluice gates and power-house, a maximal depth 
averaged velocity of 1.55m/s at this high-water event was calculated in the left flood plain. Due to the complexity of 
the bed form and the channel, the distribution of mean velocity in the reservoir was relatively irregular, that affected 
on the sediment transport as well as the bed level change in the studied domain. Applying the flushing scheme 
shown in Fig.2 during 30 years, the predicted amount of sediment deposited in the Kajbar reservoir is around 8.98 
million tons, as compared with 19.47 million tons estimated for the case without flushing. The maximal deposition 
around 2.0m is located close to the left side dam and in the right flood plain close to the river entrance.  In all cases, 
only a minor deposited sediment rate and bed change was observed near power-house-structures. Since in this 
domain the water flow velocity increased, most sediment was effectively flushed out of these reservoirs, especially 
by drawdown flushing during floods. The maximal deposition thickness reached up to 2.65m in the left flood plain 
in front of the dam and in the right flood plain close to the reservoir entrance, after 30 years simulation.  

5.2. Sustainable management of the Woehrder Lake in the Pegnizt River 

Starting in the sixties, the artificial Woehrder Lake was created in the eastern territory of the city Nuremberg. It 
should fulfill functions of protection against floods, regulation of the city’s temperature and recreation. The lake has 
a length of about 2.5 km consisting of two parts, which are interconnected by a bottleneck segment. A sand trap is 
located on the upstream side, where the Pegnitz river enters into the lake. At the outlet of the lake, a hydropower 

 

 
Fig. 2. Optimal flushing scheme (upper) and bed level change after 30 

years for Kajbar reservoir (lower) 



plant is installed, where the water level is kept constant at 299 m above sea level. Although a large amount between 
5000 and 10000 m3 of fine sediment was deposited per year in the sand trap, sedimentation is a serious problem in 
the lake. Presently the lake lost about one third of its storage volume. Moreover, the sediment accumulation creates 
an anaerobic environment in which the decay of organic material results in the production and storage of such toxic 
materials as hydrogen sulphide and methane gases. The water quality became critically due to the decreased current 
velocity conducive to algal blooms during summer flow conditions. 

To improve these environmental problems, a new concept was developed to remove the deposited sediment, and 
reduce further silting tendency of the lake. Various technical solutions concerning sand trap and weir operations as 
well as flow control structures were proposed to improve the sediment transport capacity through the lake. FAST 
was applied for explaining flow and sediment transport to optimize these proposed technical measures. 

The numerical model was first calibrated for the present state of the 
lake operation. Calculations started with the bed elevation in 1977 
and ended in 2007. The calculated bed changes were compared with 
the measurements at several locations. Fig. 3 shows the calculated 
distribution of the bed elevation change in the lake. After 30 years 
the maximal deposition thickness reached up to 1.5 m in the lower 
lake. Since its commissioning, about 350,000 m³ of sediment were 
deposited in the lake, which is approximately one third of the initial 
reservoir capacity. Further calculations were carried out for the time 
period 2008 –2038 with synthetic flow discharge time series 
upstream of the lake. As it can be seen in Fig. 4a, a large amount of 
sediment was deposited in the lower part of the lake. Applying a 
flushing concept, where the downstream weir was opened at the 
inflow discharges larger than 40 m³/s, and closed at the lower 
discharges, the predicted amount of sediment deposited in the whole 
lake was much smaller than for the case without flushing. The water 
level at the downstream weir was fully drawn down from 299 m to 
297 m during the flushing period. However flushing had only minor 
effects on the sedimentation in the upper part (Fig. 4b). 

Based on this numerical analysis, alternative scenarios were 
proposed, whereby the upper part of the lake should be standalone 
returned to natural meadowlands; the lower part on the other hand 
should still remain as a lake and continue to be available for the 
recreation. In order to achieve a sustainable solution under these 
conditions with the least possible effort, flow and sediment transport 
in the lake were numerically investigated for other variants of 
technical measures, all which based on the concept of increasing the 
transport capacity through the lake by applying constructional 

 
Fig. 5. Calculated bed change after the spring-high-water in 1988 for two 
different constructional measures without flushing (a) and with flushing (b) 

 
Fig. 3. Calibrated bed change (1977 – 2007)  

 

 
Fig. 4. Synthetic hydrograph to calculate the 

future sedimentation and predicted bed change 
(2008 – 2038) for present state of lake 

operation (a) and with flushing (b)  



measures and flushing activity. As an example, Fig. 5 shows the calculated bed level changes after a flooding event 
in 1988 for different measure combinations. The hydrograph this flood event, which was roughly equivalent to a 
HQ10. Predictions indicated that with the targeted flushing a significant sediment amount could be transported 
through the lake. The supportive effect of islands, however, can be considered negligible. A positive aspect of the 
introduced Islands was that applying lake flushing the eroded portion of the sole shifted further to the upstream. 

5.3. Assessment of hydromorphological change and fish habitat in the High Rhine River  

The High Rhine starts at the outflow of the Rhine from the Untersee in Stein-am-Rhein and turns into the Upper 
Rhine in Basel. Along the river, twelve dams have been constructed. As a consequence, transport capacity of the 
flow decreases along the river reach and sedimentation occurs in the reservoirs. Furthermore, river training in the 
tributaries prevents sediment from being transported in to the High Rhine River. Annual amount of the bed load 
reduced dramatically along the river reach (Schälchli et al., 2000). Disruption of sediment processes have caused 

untold losses in aquatic ecosystems. Some of the 
losses of grayling populations in the High Rhine 
have been a result of interruptions or destruction 
to sediment processes, only small number of 
graylings have been caught in the reservoir 
Ryburg-Schwörstadt since 1994 (AQUARIUS, 
2007). Among others, various technical solutions 
concerning dam operations (i.e. flushing) and 
sediment transport control (e.g. artificial grain 
feeding) are proposed to improve the sediment 
transport capacity as well as the quality of bed 
substrate and to concern the reproductive success 
of graylings in the High Rhine River. FAST 
model system was applied for long-term hydro-
morphological simulation and habitat in a reach 
of the High Rhine with barrages. The purpose of 
modeling study is to provide necessary 
information for design and evaluate the impact of 
technical alternatives on hydromorphology and 
fishhabitat.  

By way of example, we present the calculated 
results in the river reach between the power plant 
Reckingen and power plant Albbruck-Dogern. At 
the upstream boundary the discharges of flow and 
sediment transport were given while at the 
downstream boundary the water level was 
specified and Neumann boundary conditions with 
zero-gradient for sediment transport variables 
were applied. The water level at the outlet 
boundary was related to the reservoir operation 
schemes. In the case with flow discharge smaller 
than 1020 m3/s, the water level was keep constant 
as the Full Supply Level of 311.24 m. For the 
case with flow discharge larger than 2005 m3/s at 
the flood season the reservoir water level was 
lowered to the Drawdown Supply Level of 
310.74 m.  Artificial grain feedings at three 
locations along the river stretch are proposed to 
improve the quality of bed substrate (Fig.6). 

The calculated results at different times show that 
the distribution of sediment deposition in the area 
depends on the boundary conditions. The decisive 
parameters include the hydraulic conditions and 
the volumes of the supplied sediment. The 
calculated changes in bed level demonstrate the 

 

 
Fig.7. Temporal change of flow discharge (red), total (blue) and 

fractional (different color with a number) sediment volume 
transporting out of the reservoir. 

1- Fraction d < 2 (mm)    2- Fraction 2  d < 8 (mm)   
3- Fraction 8  d < 16 (mm)  4- Fraction 16  d < 32 (mm)   
5- Fraction 32  d < 50 (mm)  6- Fraction 50  d < 70 (mm)  

 
Fig.6. Artificial grain feeding at three locations (red marked): inlet 

(Reckingen), Zurzach and Wutach. 



complex adjustments in channel morphology. Deposition thickness at a cross section is by no means uniform across 
the channel width and changes with time. Such complex adjustments in reservoir morphology directly affect the 
hydraulics of flow and sediment transport. Consider a slow-moving current that exerts a stress on the bed slightly 
larger than required to entrain sediment into suspension, producing a rate of sediment entrainment from the bed, 
which is less than the depositional rate. On the other hand, higher flow velocity during time of high waters can 
produce a rate of sediment entrainment from the bed, which is greater than the depositional rate, so that some 
previously deposited sediment is scoured. As expected, the predicted absolute values of sediment transporting out 
(volume-out) of the reservoir increase with the rising of sediment entering into the reservoir. The calculated trap 
efficiency of the reservoir after 24 years is 3% for case F1 and increases up to 10% for case F2 and 14% for case F3. 
Fig.7 shows the calculated temporal variation of the total as well as fractional volume-out. It can be clearly seen, a 
large amount of the sediments were transported away from the reservoir. The results show that maximum values in 
the year 1994 are expected for all three cases. Furthermore, it is subject to long periods where almost no sediment 
was transported through the domain. 

The result of habitat modeling is an evaluation of habitat suitability with a value between 0 (unsuitable) and 1 
(optimally suitable). The suitability varies dynamically with the discharge-dependent characteristics e.g. water 
depth, flow velocity and composition of the bed substrates. Thus, an area with large water depths, high flow rates 
and fine grain sizes is not in preference of grayling spawning. In contrast, near-bank shallow areas with gravels 
present good hydraulic conditions for the grayling spawning. Tab.1 shows the increase or decrease of the surface 
portions in the different habitat suitability classes for the variants F2 and F3 in comparison to the status quo F1. In 
both variants F2 and F3, there is a decrease in the bad habitat suitability classes with a suitability index 0 <SI <0.3 
and an increase in very good habitat suitability classes with a suitability index 0.7 <SI  1. In these two cases, the 
year 1993 is considered to be the best year for the grayling spawning (Fig.8). The habitat quality can be improved 
for the grayling spawning in the river reach by increasing the volume of the supplied sediment. Overall, scenario F3 
delivers only slightly better results than F2 one. 

The principal results can be summarized as follows: (i) Flushing 
lead to increased flow velocities in the river reach and thus to a 
higher sediment transport capacity, stronger bed deformation as 
well as to activating the finer sediments and thus unblocking the 
bed. (ii) Bed deformation can be also accelerated by supplying 
more sediment amount. Hence, habitat quality for spawning 
grayling it can be systematically improved by choosing a suitable 
grain size distribution and quantity of the supplied materials. 

6. Concluding remarks  

Various design, operational, and reconstruction strategies can be 
used to balance sediment through the reservoir, thereby 
eliminating a significant amount of storage sedimentation. The 
design of a new sustainable reservoir requires the accurate 
prediction of sediment transport, erosion and deposition. For 
existing reservoirs, deeper knowledge of the phenomenon 
involved is needed to better understand and solve sedimentation 
problems for improvement of reservoir operation. One of the 
most important aspects is the refinement of generalized computer 
simulation techniques for analysing sediment problems. 

The numerical model system FAST can be used as a strategic 
evaluation tool for reservoir management. By undertaking 

 
Fig.8. Variation of the total sub-area with very 

good habitat suitability classes. 

 
Tab.1:  Mean values of habitat indexes after 24 years. 



flushing in the flood season, deposition can be reduced after the flushing period. Based on the numerical simulations 
for new dam projects, volume of sediments flushed can be quantified for different spillway crest levels with varying 
discharges and flushing time. Studies are useful to assess the optimum discharge and duration for most efficient 
flushing and to optimize the layout of power intake with respect to spillway to have silt free area in front of the 
intake. The computer system FAST combines hydromorphological modeling with habitat preferences for fish 
species to calculate the temporal variation of the size and quality of habitat area. This information can be used to 
estimate the effects of future changes in river regime due to constructions, or the improvement of habitat quality 
resulting from rehabilitation efforts. 

Due to the scarcity of data for setting up as well as for calibrating the model, in the present study a reliable 
quantitative prediction of the morphological evolution cannot be ensured. However, based on experiences formerly 
gained from model validation and application, a qualitative estimation of hydromorphological as well as fish habitat 
change under different flow conditions is possible. In order to improve the quantitative predictions of the numerical 
model, further model verifications must be carried out by means detailed and accurate data. 
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