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Abstract
The successful management and operation of water resource projects are essential to
maintain their functions. Dams and reservoirs are some of the largest worldwide
infrastructures. They serve one or more functions, including the reliable storage and
release of water for different purposes, hydropower generation, and flood and draught
control. Sedimentation is one of the most serious problems that affect a reservoir`s
efficiency; it leads to a reduction in the storage capacity and reliability of the water supply.
Furthermore, the deposition of sediment near and inside the intakes, pumping stations and
hydropower plants exerts a negative effect on plant efficiency and can cause the corrosion
of turbines and the pump’s impeller. Generally, degradation of the watersheds, surface
runoff, and river flow are the main sources and transporters of the reservoir’s sediment.
Sediment management techniques are the most economical and efficient approaches for
the sustainability of reservoirs and their attached structures.
Different strategies; operation schedules, pumping rates control, sub watershed sediment
regulation, and earth dikes are the reasonable alternatives that were applied in this study
for sediment control and to ensure sustainable water intake. This study aims to evaluate
the performance of the proposed strategies, on the sediment load deposition around and
inside the water intakes, and evaluate the effects of the pumping rate and flow depth on
flow velocity distribution, flow stream power, and sediment transport.
In the Mosul Dam reservoir, the pumping station is considered as a case study. This station
is suffering from sediment accumulation in front of and inside the intake. The present work
includes applications of the Soil and Water Assessment Tool (SWAT) models to estimate the
runoff and sediment load by sub watersheds surrounding the studied area, and a sediment
rating curve is used to assess the delivered sediment load carried by the main river (the
Tigris River). The Hydrological Engineering Centre’s River Analysis System (HEC RAS) model,
as a one dimensional (1 D) model, was applied for sediment routing and was applied as a
two dimensional (2 D) model for flow analysis. As this study focuses on the sedimentation
problem in the area around the intake’s structure, and due to the compound flow regime
and sediment transport near the intake and outlets, a three dimensional (3 D) model is
considered more suitable than a 1 D or 2 D model. The Sediment Simulation in Intakes with
Multiblock option (SSIIM) model was also used in this study; a proper control code for the
studied case was likewise developed. This model depends on Computational Fluid Dynamics
(CDF) techniques as a numerical method to solve fluid motion problems.
The applied models were calibrated and validated based on the measured data of previous
studies. The considered statistical criteria indicate that the models’ performance is
reasonable for both the flow and sediment assessments. The results of all the applied
strategies show an improvement (with a different percentage) in the amount of sediment
deposited in front and inside of the intake, compared to the current situation. The optimal
improvement was obtained by adding a control earth dike upstream from the station and
managing the pumping rate. This is considered the most efficient and practical strategy to
ensure the sustainability of the pumping station’s efficiency and lifespan with fewer
dredging requirements.
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Sammanfattning
En framgångsrik förvaltning och drift av vattenresursprojekt är avgörande för att behålla
deras funktioner. Dammar och reservoarer är några av världens största infrastrukturer. De
har en eller flera funktioner, inklusive tillförlitlig lagring och utsläpp av vatten för olika
ändamål, vattenkraftsproduktion samt motverkning av översvämningar och torka.
Sedimentation är ett av de allvarligaste problemen som påverkar en reservoars effektivitet;
det leder till en minskning av lagringskapacitet och tillförlitlighet av vattenförsörjningen.
Dessutom har sedimentavsättning nära och inuti vattenintag och kraftverk en negativ
effekt på anläggningens effektivitet och kan orsaka korrosion av turbiner och pumpens
pumphjul. I allmänhet är nedbrytning av vattendrag, avrinning av ytor och flodflöden de
viktigaste källorna och transportörerna av reservoarsediment. Sedimenthanteringstekniker
är de mest ekonomiska och effektiva metoderna för bibehållen hållbarhet hos reservoarer
och deras anslutna strukturer.
Olika strategier; driftsscheman, pumphastigheter, sedimentkontroll under vattendrag och
jorddammar är rimliga alternativen som användes i denna studie för sedimentkontroll och
för att säkerställa ett hållbart vattenintag. Denna studie syftar till att utvärdera prestanda
av de föreslagna strategier på avsättningen av sedimentbelastningen runt och på insidan av
vattenintagen, och utvärdera effekterna av pumphastigheten och flödesdjupet på
flödeshastighetsfördelningen, flödesströmkraften och sedimenttransport.
I Mosuldammreservoaren betraktas pumpstationen som en fallstudie. Denna station lider
av sedimentuppsamling framför och inuti vattenintaget. Föreliggande arbete inkluderar
tillämpningar av Soil and Water Assessment Tool (SWAT) modellerna för jord och vatten för
att uppskatta avrinnings och sedimentbelastningen som levereras av undervattensskydd
som omger det studerade området, och en sedimentklassningskurva används för att
bedöma sedimentbelastningen från huvudfloden (floden Tigris). Hydrological Engineering
Centre's River Analysis System (HEC RAS) modellen, applicerades som en endimensionell
(1D) modell för sedimentdirigering och som en tvådimensionell (2 D) modell för
flödesanalys. Eftersom studien fokuserar på sedimentationsproblemet i området runt
intagskonstruktionen, och på grund av sammansatt flödessystem och sedimenttransport
nära intag och uttag, anges en tredimensionell (3 D) modell vara mer lämplig än en 1 D
eller 2 D modell. Även modellen Sedimentet Simulation in Intakes with Multiblock option
(SSIIM) användes i denna studie; likaledes utvecklades en korrekt kontrollkod för det
studerade fallet. Denna modell beror på tekniker inom Computational Fluid Dynamics
(CDF)som en numerisk metod för att lösa problem med fluidrörelse.
De tillämpade modellerna kalibrerades och validerades baserat på uppmätta data från
tidigare studier. De betraktade statistiska kriterierna indikerar att modellernas prestanda är
rimliga för både flödes och sedimentbedömningarna. Resultaten av alla tillämpade
strategier visar en förbättring (med en annan procentsats) i mängden sediment deponerat
framför och inuti intaget, jämfört med den nuvarande situationen. Den optimala
förbättringen erhölls genom att lägga till en styrjorddykström uppströms från stationen och
hantera pumphastigheten. Detta anses vara den mest effektiva och praktiska strategin för
att säkerställa hållbarheten i pumpstationens effektivitet och livslängd med färre
muddringskrav.
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1 INTRODUCTION 

Dams and reservoirs are some of the main storage structures around the world. They are 
constructed to serve one or more purposes: the storage of water for later supply, the 
creation of a water head for hydropower plants, and flood control. In dry and semidry 
regions, where there is a significant difference in the river flow between the wet and dry 
seasons, storage and multipurpose dams are considered the sources of reliable  water 
release.  
Usually, the flow regime in a river balances the sediment transportation between the flow 
transport capacity, and the sediment load concentration. The construction of different 
hydraulic structures, such as dams, barrages, and weirs, change this balance and disturb the 
sediment transport balance. These structures trap a significant part of the carried sediment 
upstream of the hydraulic structures. In dam reservoirs, the gradual expansion of the flow 
section when the flow approaches the reservoir inlet leads to a reduction of the flow 
velocity and transport capacity. This causes the deposition of coarse sediment in the upper 
part of the reservoir and the formation of a delta. Then, the fine sediment is deposited along 
the streamwise flow up to the upstream of the dam axis where the finest sediment is 
deposited, as shown in Figure (1.1) ( Palmieri et al. 2003).  
 
 
 
 
 
 
 

This situation is one of the most common problems in all storage dams around the world. 
Without efficient sediment management plans, after years of dam operation, sediment 
deposition leads to a reduction in storage capacity and the reservoir’s ability to reliably 
supply of different water demands.  Furthermore, it exerts effects on the operational 
efficiency of the different hydraulic structures attached to the project, such as the bottom 
outlet gates, hydropower plants, and water intakes for different purposes. Generally, 
sediment deposition reduces the reservoirs’ storage capacity by as much as 0.8% to  
1% annually ((Basson 2009) and (Ali and Shakir, 2018)), which leads to a reduced project 
life, while water demand in increasing.  
To overcome this problem and keep the reservoir storage capacity active, designers can add 
another storage space, which is called dead storage, to fit the expected deposited sediment 
during the project’s life.  The water in the dead storage space cannot be used for any 
purpose; its level design ensures that there are no outlets below it.  However, this additional 
storage does not overcome sedimentation’s problematic effects. Designers assume that the  
deposited sediment will accumulate in this zone, but this is not the reality; some of the 
sediment  reaches the upper zone (live storage) ( Palmieri et al. 2003).  This leads to a  
number of challenging effects facing the reservoir’s operational efficiency other than 
storage capacity,  which leads to a reduction in water supply reliability and an accumulation  
of sediment near the different outlets and water intakes (Randle et al. 2019).   
Commonly, the source of the sediment load that enters the dam’s reservoirs is the load 
transported via the main river flow in addition to the load carried by the runoff flow from 

Background—Sedimentation and its Effects

Figure 1.1: Deposited and suspended sediment distribution in the reservoirs,        
(Palmieri et al., 2003). 
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the sub-watersheds released into the reservoir. For natural rivers, the flow and sediment 
loads carried are usually recorded as daily data in a number of stations along the river.  
These recorded data provide essential statistical information for the hydraulic design of 
different dam structures and to determine the reservoir storage capacity, including the 
dead, live, and flood storage.  In reservoir design, the assessment of the sediment load 
carried by a continuous flow river is usually based on creating a rating curve for that location 
based on the recorded data. However, the complexity of sediment transportation and the 
effects of different factors on this transportation makes  the load vary for the same river 
according to seasonal flow; there may be a high concentration at the beginning of the 
seasonal rain cycle and a lower concentration during the season (Mathur et al. 2019).  
For watersheds and the seasonal river flow, long historical record data for both flow and 
sediment are globally rare with many research gaps, especially in the Middle East and 
developing countries. Thus, the study analysis and design of different hydraulic structures 
requires developing or applying selected computerized models for these purposes.   
A number of runoff and sediment yield models can be applied for this purpose and can be 
classified into two main types: a single storm model and continuous simulation models. This 
second type is used for the design and analysis of the flow and sediment yields of the 
reservoirs but requires different types of data, including topographical data, soil types, and 
land use maps of the watershed, in addition to detailed weather (metrological and 
hydrological) data.  Underestimation of the total sediment load and its deposition near the 
intakes and outlets of different structures may cause clogging and stop the structure from 
functioning. The structures  not designed for sediment transient may also cause security 
problems (Schleiss et al. 2016) for the reliability of water demand and flood control. For 
different reservoir outlasts and intakes, the water withdraws toward the intakes effects on 
the sediment deposited in front of and inside the intake structure. The transport of 
sediment inside the structure, suction pipes, and tunnel causing a reduction in their capacity 
and a risk of damage to the intake facilities. Furthermore, it might cause a corrosion of the 
pumps, valves, in addition to the power plants may corrode the turbines and the impeller 
((SEPA, 2019) and (Randle et al. 2019)).  Past studies on sediment load assessment indicate 
that reservoirs are filled with sediment in a shorter time than their designed lifespan  
((Hotchkiss, 1999) quoted by Juracek (2015)).  
As the population increases, the water demand for different purposes also increases, but 
their rates of growth are different. From 1990 to 2010, the rate of population growth 
increased by about 30% while the installed reservoir capacity increased by about  
10% (Wisser et al. 2013). In addition to this difference in the rate of growth, installed 
reservoirs capacities are decreasing annually.  As storage dams and their attached 
structures are considered costly, and the lowest cost dam sites have already been 
constructed  (Annandale et al. 2016), it is important to sustain installed storage reservoirs 
and maintain their  attached  infrastructures  to ensure their ability to supply water for 
different purposes and to extend and/or achieve their designed economic lives. Economic 
life is considered based on a cost–benefit analysis for dam costs and the water release 
benefits for different purposes of irrigation, water supply, industrial use, flood protection, 
and power generation.  The World Commission on Environment and Development (WCED) 
in 1987 defined sustainability as “development that meets the needs of the present without 
compromising the ability of the future generation to meet their own needs” (Tortajada, 
2001). Sediment management is considered one of the ways to  sustain and achieve a 
project’s life and also one of the most costly methods, including supplying the required 
funds  to treat the project later  (George et al. 2017).   
Generally, reservoir sustainability approaches can be classified into two types: Sediment 
control within the watershed by reducing erosion and/or sediment trapping upstream from 
the reservoir using check dams on the main tributaries and/or sediment management  
through the management through the reservoir includes managing the flow during periods 
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of high sediment load and flushing  and removing deposited sediment in the reservoir using  
different suitable techniques, such as dragging (Annandale et al. 2016).  For the attached 
infrastructures, the matter is different. Sediment routing and control involves using 
sediment basins, vanes, sediment rejection dikes, walls, and ejection. The study and 
assessment of sediment load deposition, distribution, and variation in reservoir bed profiles 
are performed by bathymetric survey. The sediment load magnitude and distribution can 
be determined by comparing the surveyed values with the previous bed profile. Although a 
bathymetric survey is an efficient technique to obtain an accurate description of 
sedimentation in a water body and is considered for model calibration, it is usually done 
between relatively long time periods to measure significant differences in the bed profile.  
A bathymetric survey needs field work, time, and a great deal of money for the work and 
required instruments (Ajith, 2016).   
Physical laboratory models and/or numerical models are considered common alternatives 
to find suitable solutions.  Funds are necessary for both models to maintain or recover the 
cost–benefit values of a project. These models are used to study, analyze, and find solutions 
to different sedimentation problems in reservoirs and other hydraulic structures. However, 
in comparison to mathematical models, which are more widely used techniques at this time 
(given rapidly increasing computer speeds), physical models are considered expensive.  
Numerical models can be divided into one-, two-, and three-dimensional models (1-D, 2-D, 
and 3-D), respectively. Depending on the purpose of the study, a suitable model can be 
selected. Generally, for a long-term simulation and the simulation of sediment transport 
along a reach, a 1-D model can achieve this purpose efficiently  (Morris and Fan  (1998)), 
with less input calibration data. On the other hand, 2-D and 3-D models are used to study 
sediment transportation and deposition when the purpose is to determine how sediment 
is distributed across the flow section or at certain locations in the reservoirs, like gates, 
intakes, and power plant inlets. However, these models require more detailed data and 
greater computing time.  A major advantage of using computational models is that they can 
be employed with different physical domains more easily than physical models, which tend 
to be more site-specific (Papanicolaou et al. 2008).   

During my previous studies and researches, I learned how the sediment carried by water 
flow causes a series of problems, starting from topsoil particle detachment and gradually 
losing the fertile layers necessary for plant growth. Sediment transport with water currents 
and deposition in different hydraulic structures creates other problems, including a 
reduction in their capacity, efficiency, and sustainability.  Dam reservoirs are hydraulic 
structures that accumulate a significant amount of sediment due to their effects on 
changing river flow regimes and storing water for a long period. The designed dead storage 
can contain this sediment and reduce its effect. Although this choice increases the capital 
construction cost, it is considered an efficient and more economical method.  However, for 
the attached hydraulic structures, such as hydropower outlets, bottom outlets, and gates, 
different techniques are used. Watershed sediment control, flushing, and flow 
management are approaches used to limit sediment impact.  On these attached structures, 
the flow is free and depends on the hydraulic head, the gate type and opening, and the 
operation schedule. In some cases, the storage reservoir serves to ensure water reliability 
in dry or low flow seasons, and when there is a need to pump the water to a higher level 
than the storage level, a pumping station is required. In these situations, the flow regime is 
different than the other aforementioned hydraulic structures. The flow properties vary 
depending on the pumping capacity and the available head.  Pumping changes the flow 
regime in the reservoir in a limited zone around the intake. In these stations, another 
problem emerges, which is the accumulation of sediment in front of the intake and inside 
the suction pipes or conduits, which reduces their capacity; also, the sediment particles can 
cause pumps’ impeller corrosion and damage. This reduction of structural efficiency and 

Motivation  
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probable pump damage problematizes the cost–benefit analysis and requires more funds 
to overcome the effects.  
Previous works have studied and suggested different suitable techniques to control the 
sediment effect of pumping stations and intakes. These studies focus on sediment 
deposition in front of the intakes, but I could not find a study focused on the pumping rate 
effect on sediment deposition in front of the station intake and how it effects the amount 
of sediment that can be carried inside the structure and pumps.  This situation and other 
possible strategies are considered as the research focus in the current study. 
One of the main structures of the Mosul Dam reservoir is the pumping station plant of the 
North Al-Jazeera irrigation project. This station is suffering from accumulation of sediment 
around and inside the intake. After about 11 years of station operation, the station stopped 
working due to the accumulation of sediment in the trapping basin and suction pipes.  This 
station is considered as a case study in this work.  
  

The objectives of the current study are the following: 
1. To prepare a suitable 3-D numerical model and the required data to simulate, 

analyze, and study the impacts of affective parameters on both flow and sediment 
transport in a reservoir and its various attached structures.  

2. To apply the model to compare and determine efficient and economic (strategies) 
alternative/s that ensure sustainability of the intake efficiency and span life of the 
supply water with fewer sediment effects and less maintenance.  

The objectives of this study can be achieved by answering the following research questions: 
A- Are the pumping rate, duration, and schedule considered effective parameters for the 

sediment deposition in front of and inside the water intakes? 
B-  Do the sub-watersheds upstream from the intakes have a significant effect on the 

sediment deposition in front of and inside the water intakes? 
C- Can the right positions and geometries of earth dikes in the reservoirs significantly 

affect the sediment deposition in front of and inside the water intakes?  
 

Although the numerical models provide reasonable results, they have some limitations and 
approximations compared to actual situations. The simulations are limited to the studied 
case and similar situations, with the following expected approximations and errors:  

 The geometry of the studied case depends on contour maps and Digital Elevation 
Model, DEM data resolution (30*30m), meaning that there are human errors in 
preparing the map and representing the simulated geometry.  

 Representing the water body with a number of grids to simplify the solution leads to 
an approximation in the simulation, and the numerical solution depends on grid size.  

 I simplified the boundary conditions to simulate the flow situation, including inflow, 
outflow, wall boundary and estimation of the bed roughness, and applying the rating 
curve to assess the river load. 

 A numerical model is applied to assess the sub watershed runoff and sediment load, 
which are considered as one of the input data set for the applied 3-D model. 

 
 
 

Objectives and Research Questions 

Limitations and Approximations 
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2 LITERATURE REVIEW  
This section presents a review of studies, including sediment studies in watersheds, 
reservoirs, and water intake structures. The various presented models for watersheds are 
classified based on their simulation type and method of assessment for the runoff and 
sediment load. For reservoir sedimentation studies, the models were classified into one-, 
two-, and three-dimensional models.  

Generally, the flow and sediment load carried by rivers flow is yielded by the river basin and 
watersheds along the river flow path. Some loads might be added by riverbed dredging.   
The recorded data of the flow and sediment loads on river gauge stations are used for 
different hydrological and hydraulic studies. However, for ungauged and/or watersheds 
with limited measured data, mathematical models are usually considered to be the most 
suitable and efficient tools to assess the runoff flow and the carried sediment load within 
and at the watershed outlet. The runoff flow and carried the sediment load are complex 
phenomena; this complexity is due to the number of relevant influential factors. These 
factors include weather data, such as rainfall depth and intensity, wind, temperature, and 
humidity, as well as the soil type factor, different land uses, and vegetation cover in addition 
to the effects of surface topography.  Pimentel et al. (1995), as quoted by  Rubianca et al. 
(2018) provided an  assessment of the annual soil loss around the world as follows,  
30–40 t.ha-1 for Asia, Africa and south America and 17 t.ha-1for the United States of America 
and Europe; for undisturbed forests, this loss ranges globally between 0.004 and 
 0.05 t.ha-1. The hydrological models can be classified into three main types  (Merritt et al. 
2003): (i) empirical models, (ii) physical models, and (ii) conceptual models.  

 Empirical Models 
The empirical models are commonly based on filed and/or measured plot scale data; they 
relate to the measured sediment yield, some effective parameters such as rain properties, 
watershed soil properties, land cover/use, and topography to create models based on 
statistical relations. The correlation parameters can be obtained via calibration or by 
transformation from the calibrated values of the experimental site (Merritt et al. 2003).   
One of the simplest and oldest empirical models is the Universal Soil Loss Equation  (USLE) 
presented  by  Wischmeier and Smith (1965), which is used to assess soil erosion and 
sediment yield due to rill (sheet)  and interrill erosion from agricultural (vegetated ) and 
bare soil. This model is based on a large amount of field data collected over twenty years of 
soil erosion measurements of agricultural lands (more than 10000 plots and small 
watershed years of runoff and sediment loads). This empirical model requires relatively 
limited feed data to assess the annual sediment load weight yield per unit area of the 
watershed in the following form: 

Where : the annual soil loss [ton.ha-1],  : the rainfall erosivity factor [MJ.mm.ha-1.h-1], :  the soil erodibility factor [ton.hr.MJ-1.mm-1], : the slope length factor, : the slope steepness factor, : the cover and management factor, : the support practice.  

Watershed Runoff and Sediment Yield 

 = . . . . .     
(2.1) 
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Risse et al. (1993) used a number of statistical criteria to study the ability of the USLE to 
predict soil erosion and sediment yield by comparing the results with the measured values 
on natural plots. The results indicate that for low erosion rate plots, the USLE over-predicts 
losses, and vice versa.  The USLE was applied to estimate the sediment load yields for 
different purposes.  Hussein (1996) and  Hussein et al. (2007)  collected data for both the 
runoff and sediment load from field plots in Northern Iraq; their aims were  to examine the 
validation of both the United States Department of Agriculture-Soil Conservation Service 
(SCS) method for runoff and the Universal Soil Loss Equation for the study area and to 
predict the soil erodibility factors. The results indicate that a modification of the two 
methods is necessary to fit the measured values.   Gilau, (2015) studied the effects of land-
use changes on soil erosion yields on urban impoundment. The study was undertaken in 
South Africa using both a modified form of the Universal Soil Loss Equation and the Soil Loss 
Estimation Model.  
Another revised version of the USLE was modified  by  Renard and Freimund (1994) and is 
called the  Revised Universal Soil Loss Equation (RUSLE). The modifications and 
improvements include some of the USLE factors, such as the rainfall erosivity factor, the 
effect of weather (such as temperature and humidity) on the soil erodibility factor, soil 
cover, and the soil management factor.  Kinnell (2005) presented a study showing why the 
USLE and RUSLE do not  accurately predict an event or a single storm’s soil loss. Kinnell 
mentioned that one of the weaknesses of USLE and RUSLE is that both models do not 
directly consider the runoff flow value, although erosion depends directly on the sediment 
transported with the flow.  Rubianca et al. (2018) reviewed the application of  USLE and 
RUSLE around the world; they analyzed the effects of the different sub factors of the models 
while considering the local conditions.   
 The USLE can be applied to assess the annual sediment load weight yield per unit area of 
the watershed, but sometimes we also need to estimate the erosion and sediment load 
from each storm for the design purposes of different hydraulic structures and also in 
continuous simulation models.  The application of the USLE for a single rainstorm and a 
large watershed produced a high percentage of errors due to not considering  the runoff 
value (Kinnell, 2005). Further, the results of the application indicate the poor ability of the 
equation in such cases  ( Sadeghi et al. 2007). To overcome this error, Williams (1975) 
developed a modified form of the USLE called the Modified Universal Soil Loss Equation 
MUSLE to assess the watershed sediment yield from an individual or single storm by 
replacing the rainfall factor in the USLE with the runoff factor in MUSLE. This modified form 
was obtained from 18 monitoring watersheds that encountered 778 observed storms.   
Sadeghi et al. (2014)  reviewed the application of the MUSLE presented in 49 papers from 
around the world.  The authors observed different accuracies of the model results 
depending on the method of assessment, the location and time, and the considered input 
data and output.  
The family of the Universal Soil Loss Equation, including, MUSLE and RUSLE, are usually 
applied to assess the erosion and sediment load at the outlets of watersheds (basins). These 
models were studied, applied, and evaluated by several previous studies   (Ferro et al. (1998) 
and Ferro and Mario (1995)).  The application of these equations for large watersheds may 
produce some errors compared to the actual values. For example, some of the eroded 
particles may be deposited within the watershed, which is not considered in these families 
of equations (Adediji et al. 2010, Ferro and Mario, 1995  and Kothyari and Jain. 1997). There 
are two main reasons for this difference. First, the USLE is already formed from the plot 
scale area  (Wischmeier and Smith (1978)). Second, the spatial variation of watershed 
properties and rainfall distribution (Jain, 2000)  within the watershed requires more 
thorough data that represent the basin accurately. Ferro et al. (1998) verified the similarity 
between the sediment deliveries of the measured values at the basin scale and the 
theoretical values. The authors tested a number of approaches for estimating the Sediment 
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Delivery Ratio (SDR) on the sub unit of a watershed that has similar properties 
(morphological units). Ultimately, the results varied between the considered approaches; 
the accuracy depends on the temporal scale, and the annual model performance is better 
than that at a single event scale.  
To overcome this state of affairs, the watershed basin can be divided into sub basins 
(Kothyari and Jain. 1997). These sub basins are divided based on the basins’ characteristics, 
such as slope, soil type, land use/land cover, and rainfall properties.  The rapid development 
that happened starting at the end of the last century in remote sensing and the availability 
of satellite images has made the spatial distribution of watershed characteristics data 
feasible and of a reasonable cost (Saavedra and Mannaerts, 2005).  Considering the 
development of the Geographical Information System (GIS) and the availability of satellite 
data for land topography, the Digital Elevation Model (DEM) helps to represent the different 
characteristics of the watersheds by using equal dimension cells with similar properties, 
slopes, soil types, land uses, etc. and delineates the watershed  (Adediji et al.  2010).  
Andersson (2011) applied the USLE to assess the soil loss values and used GIS tools, 
including ArcView and ArcMap, to simulate the spatial distribution of soil loss in a semi-arid 
zone, the Mrichet and Sadine watersheds in Tunisia. Devatha et al. (2015) and Mishra (2015) 
applied Remote Sensing (RS) and the ArcGIS tool to generate different spatial data for the 
rainfall characteristics of the upper Mahanadi watershed and Kulhan watershed in India, 
respectively. The purpose was to create the required data with land cover/use (cover 
management and support practice factors) and to assess the sediment yield at a gauge 
station located in the upper Mahanadi watershed using USLE.  Al-Abadi et al. (2016) and 
Khassaf et al. (2018) applied the RUSLE with ArcGIS to estimate the annual soil loss from the 
northern part of Kirkuk (northern Iraq) and the Euphrates River Watershed, respectively. 
Different resources (filed surveys, studies, and satellite data) were used to prepare the 
equation parameters as digital layers useable in GIS.  The results indicate that the annual 
soil loss of the studied areas ranged between 0.0 t.ha-1 and 245 t.ha-1 for the Kirkuk area 
and was between 0.0 t.ha-1 and 2995t.ha-1 for the Euphrates River Watershed for the 
studied period.  The USLE was applied (Keya, 2018) to assess the erosion and sediment yield 
of the Alibag Watershed, which is one of the main watersheds of the Greater Zab River in 
Kurdistan, North of Iraq. Due to the absence of hydrological stations in the studied area or 
measured data, areas with similar properties were chosen to prepare the different GIS 
layers of the RUSLE factors. The parameters of the USLE were prepared as GIS layers, and 
the results indicate that the mean annual sediment load is about 6.1 t.ha-1.    
The obtainability and development of Satellite images, DEM, and GIS tools help us to use 
the family of USLE to develop comprehensive and more complex physical soil erosion 
models. The sediment yield and soil erosion models divide the watershed into two main 
types of cells: overland flow and channel flow cells.  Each overland flow cell includes the 
rainfall detachment, which consists of interrill erosion and sheet flow erosion, while the 
runoff and sediment yields are routed through the channel cells, which transport and pick 
up greater loads or depositions over the flow transport’s capacity load.  These models 
require more detailed hydrological, metrological and hydraulic data than USLE family 
models. The watershed cells’ classifications and general description of the runoff and 
sediment models based on Satellite images, DEM, and GIS tools are shown in Figure (2.1) 
presented by Velleux et al. (2008).   
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 Physical Models 
The most common physical soil erosion models include the following: 

 ANSWERS Model 
The Areal Non-Point Source Watershed Environment Response Simulation (ANSWERS) 
model was first presented by  Beasley et al. (1980). This model was developed to simulate 
the runoff and sediment load for single storm events, which means that it consists of two 
main parts, hydrology and the upland erosion response. It is a continuous daily simulation 
model. Its first part includes rainfall, infiltration, interception, depression storage, 
evapotranspiration, and runoff. The second part includes the rainfall and runoff sediment 
detachment, sediment transport, and deposition, in addition to nitrogen and phosphorous 
transportation.  This model considers a watershed consisting of equal sized square cells or 
grids, each of them having the same properties, such as elevation, soil type, land use, plant 
cover, etc., as shown in Figure 2.1. Using this method of watershed simulation, the spatial 
variation of rainfall distribution, soil type, plant cover, and water content can be 
represented with a more accurate details within the watershed.  

 EUROSEM Model 
The European Soil Erosion Model (EUROSEM), is a soil erosion model that was developed 
by a European  scientist and is based on scientific European  research on runoff and soil 
erosion; this model deals with the erosion and sediment problem in those countries. 
Morgan et al. (1998)  developed this model, which is similar to American models, based on 
European work.  This model simulates the rainfall detachment, erosion, sediment transport, 
and deposition for  interrill and rill flows due to a single storm on separate fields and small 
watersheds. The objective of this model is to identify the erosion problem and select a 
suitable way to prevent this problem or reduce its effect.  The model estimates the runoff 
volume, storm runoff hydrograph, total sediment yield, and sediment graph (Morgan,  et al. 
1998).   

Figure 2.1: Watershed area classification, overland, and channel 
flow, (Velleux et al. 2008).  
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 LISEM Model 
The LImburg Soil Erosion Model (LISEM) model was built in the Netherlands, Limburg.  
A cooperation between the Universities of Utrecht and Amsterdam (departments of 
Physical Geography) and the division of  soil physics at the Winand Staring Centre in 
Wageningen  led to developing this model to study the effects of small scale soil 
conservation on soil erosion and sediment yield (De Roo and Offermans, 1995). This model 
is a physically-based model for simulating and estimating the runoff and sediment load from 
small watersheds ranging between 10 and 300 ha. The physical calculations include 
estimations of the interception, surface depression storage, infiltration rate, rainfall and 
runoff flow detachment, and flow transport capacity for overland and channel flows.  The 
considered detachment and transportation equations are similar to EUROSEM (Morgan et 
al. 1998). The simulation process begins during the period of rainfall and continues with the 
rainfall and run off; it then ends with the release of the runoff, which means that this model 
is suitable for a single storm. One of the main advantages of this model is that it is not a 
black box like most simulation models, which means that the user can change any 
parameter’s effect on simulating the process, such as infiltration, surface roughness, 
planting type, etc., to insert the correct parameters and obtain better results. The LISEM is 
considered to be compatible with the Geographical Information System (GIS) and is able to 
read the input data as a raster map (like with remote sensed maps) (De Roo et al. 1996).  
These characteristics enable the model to simulate a larger watershed with the spatial 
details of different input data.   

  WEPP Model 
The Water Erosion Prediction Project (WEPP) model is a physically-based continuous 
simulation model presented by  Flanagan and Nearing (1995) and developed by the United 
States Department of Agriculture (USDA) for  the assessment of runoff volume, soil erosion, 
and sediment yield for fields and small watersheds based on essential data for the effects 
of erosion, sediment transport, and deposition. To obtain more detail on surface soil 
conversation, an Arc-View Gis extension version was developed (GeoWEPP) (Flanagan and 
Meyer, 2006) (Flanagan et al. 2007).  The required data are weather, including snow 
accumulation and density, daily precipitation depth, the required daily minimum and 
maximum air temperatures, soil’s physical properties, infiltration, hydrology, flow and 
hydraulics, plant cover, and watershed topography as a Digital Elevation Model DEM file.  
The soil type and land use layers are required for each sub basin or hillslope.  
Dun et al. (2009) improved WEPP’s applications in forest watersheds for both water balance 
and soil erosion. Changes have been made to the model to develop superior model 
performance for both soil water and sub-surface lateral flow. This modified model was 
applied to the Hermada watershed in Idaho, USA. The modified model flow result was more 
strongly related to the measured values than the original version model. Wang et al. (2018)  
applied macro scale Variable Infiltration Capacity (VIC-WEPP) to evaluate the effects of 
three scenarios of climate change on the soil losses of the Great lake area for the period 
from 2000 to 2100. The results predict decreases in soil loss for the future periods of the 
2030s, 2060s, and 2090s. These decreases reach as low as 4.99% to 23.2% for annual values 
compared to previous periods in the 2000s.  Poeppl et al. (2019) applied different methods, 
including Index Conductivity (IC), GeoWEPP soil erosion modelling, field mapping, and a 
modified version known as GeoWEEP-C,   which includes modified connectivity to identify 
the hotspots of soil erosion and lateral fine sediment flow to the watershed flow net. Zemke 
et al. (2019)  investigated how runoff creation and soil erosion are affected by pumice 
excavations using WEPP. This study was applied to a forest watershed in Germany to 
determine how the different properties of backfilled soils are affected by runoff creation 
and soil erodibility and if clear-cutting to prepare the land for excavation affects the runoff 
and/or soil erosion. The results indicate that both runoff and erosion were increased 
annually (by 53% and 70%, respectively) in backfilled soils compared to normal conditions.    
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 SWAT Model 
The Soil and Water Assessment Tool SWAT is a continuous simulation model that was 
developed to estimate the runoff and sediment load yield for watersheds and river basins  
(Arnold et al. 1998). SWAT is a physically-based long-term simulation model designed for 
long-term yield but not for comprehensive single storms or flood storms  (Neitsch et al. 
2009).  The required input data for the model are a topographical description of the 
watershed as a DEM, daily climate data (precipitation, wind, maximum and minimum 
temperature, solar radiation, and relative humidity), soil type, and land use as raster maps.  
Pikounis  et al. (2003) applied the Soil and Water Assessment Tool (SWAT) to investigate the 
effect of land use changes on hydrocoral variations of the Pinios River watershed in Thessaly 
(USA).  Three land use scenarios were considered: agricultural land extensions, 
deforestation of the Trikala sub-basin, and extensions of the urban area in the Trikala sub-
basin.  Alansi et al. (2009) evaluated the SWAT model for a simulation and forecasted the 
flow rate of the Upper Bernam humid tropical river basin. This simulation was based on 
recorded data for the years 1981–2007. The results indicate that the model’s performance 
is good for both the simulation and forecasting of flow, considering the effects of land-use 
changes. Easton et al. (2010) developed a modified version of the SWAT model for a multi-
basin analysis to estimate the runoff and sediment load carried from the Ethiopian Blue Nile 
Basin. In this river, the erosion problem effects agricultural productivity. This model is used 
to identify the distribution of the source of sediment within the watershed area. 
Betrie et al. (2011)  identified the spatial distribution of the soil erosion and sediment load 
in the Eastern Nile basin (Ethiopia, Sudan, and Egypt) due to effects of three scenarios based 
on Best Management Practice (BMP) in addition to existing conditions. The results of the 
simulations for the three considered scenarios, including filter strips, stone bounds, and 
reforestation, showed a reduction in the sediment yield.  Gebremicael et al. (2013) applied 
the Mannn–Kendall and Pettitt test to identify the trends of long-term variations in the 
runoff and sediment load of the Blue Nile River due to land use/cover changes based on 
land use maps for the studied period of 1970–2009. Generally, the overall results of the 
statistical analysis showed that the land-use changes during the studied period had a 
significant effect on both the runoff and sediment yield from the Upper Blue Nile.  A number 
of other studies ((Moon and Kang, 2016), (Cheng et al. 2018), (Paul et al. 2019), 
(Lu and Chiang, 2019), and  ( Zhang et al. 2019)) have applied and/or modified the SWAT 
model for different purposes, estimations of runoff, and sediment yield to study the effects 
of land use/coves and/or the effects of climate changes on water resources and sediment 
yield.  
In Iraq, different studies have been presented using the SWAT model. Mhaina (2017) 
applied the SWAT model to assess the suspended sediment load over a long period of time 
in the Al-Adhiam watershed based on scarcely recorded sediment data. The statistical 
analysis indicated an acceptable result of the model simulation. Abbas et al. (2018) applied 
the SWAT model to assess the different scenarios of climate change on water resources in 
Iraq. The results indicate a probable future reduction in both blue and green water in the 
region. Khayyun et al. (2019) applied the SWAT model to assess the runoff for the Hemren 
dam reservoir within the middle River Diyala located in the northeast of Iraq. The model 
was calibrated, and a sensitivity analysis of the studied area parameters was implemented 
using the SWAT-CUP model. The results of the various statistical criteria indicate good 
model performance in runoff estimation.  
Alewell et al. (2019) discussed the development of sediment models using USLE, as well as 
the development of different USLE equation parameters. The authors determined that the 
results of physically-based models, such as WEPP, do not always offer higher certainty than 
simple empirical models, such as USLE. 
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Summaries of some important runoff and sediment load yield models are shown in Table 
(2.1). This table includes the models’ developer/s, types, and methods for runoff and 
sediment load assessment. 
 

 Table 2.1. Summary of watershed models, including model scale, methods of runoff and 
sediment transport assessment and developer/s. 

 

The accumulation of sediment in the reservoir after years of dam operations creates a series 
of problems related to reservoir storage capacity and its effect on different hydraulic 
structures, power plants, gates, bottom outlets, and intakes. Different types of models are 
used for the management and monitoring of sediment effects.  Generally, the methods for 
estimating sediment deposited in the reservoir   (Plumieer et al. 2014)  include 
(i) a comparison between the inflow and the released sediment load from the reservoir 
(which depends on trap efficiency (indirect method)); (ii) comparing the bed morphology at 
different times based on bathymetric surveys (direct method); and (iii) different types of 
modelling to assess sediment load patterns. 

Model Type Scale 
Infiltration 

Method 

Runoff 
flow Eq. 

Sediment 

transport 
method 

Simulation Developers 

USLE Empirical Hillslope -- -- -- Average 
annual 

(Wischmeier 
and Smith, 
1965) 

MUSLE Empirical Hillslope -- -- -- single storm (Williams, 
1975) 

RUSLE Empirical Hillslope -- -- -- Average 
annual 

(Renard and 
Freimund, 
1994) 

ANSWERS Physical Small 
watershed Holton 

Manning 
and 
continuity 

Modified 
Yalin Single storm ( Beasley et 

al., 1980) 

EUROSEM Physical Small 
watershed 

Smith and 
Parlange 

Manning 
and 
continuity 

Stream 
power 
theory and 
modified 
theory 

Single storm (Morgan  JN 
et al., 1998) 

LISEM Physical Small 
watershed 

Holton, 
Green 
Ampt and 
Richard 

Manning 
and 
continuity 

Stream 
power 
theory 

Single storm 
(De Roo and 
Offermans, 
1995) 

WEPP Physical 
Hillslope/ 

watershed 
Green 
Ampt 

Darcy-
Weisbach 

Stream 
power 
theory 

Continuous 
(Flanagan 
and Nearing, 
1995) 

SWAT Physical Watersheds 
Green 
Ampt or 
CN 

Manning 
and 
continuity 

Stream 
power 
theory 

Continuous (Arnold et 
al., 1998) 

Reservoir Sedimentation Assessment 
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 Trap Efficiency Methods (indirect method) 
Reservoir trap efficiency is defined as the ratio of deposited sediment in the reservoir to the 
total inflow sediment load for a certain period. This value depends on the inflow to the 
reservoir and the reservoir storage at the time of the efficiency assessment. Brune (1953) 
developed a curve for trap efficiency based on forty four portions of recorded data on 
reservoir trap efficiency (Figure 2.2). This curve relates the sediment trap efficiency to the 
ratio of the reservoir capacity to inflow.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Eizel-Din et al. (2010) applied Brune’s curves to estimate the trap efficiency of  the Roseires 
Reservoir on the Blue Nile in Sudan and compared their results with the data from the 
reservoir location. The results indicate that there are some differences between the two 
values. In comparison with the observed trap efficiency, the trap efficiency can be improved 
by using the sedimentation parameter for Brune’s curves of trap efficiency. Mulu and 
Dwarakish (2015) determined how to modify the sediment trap efficiency curve presented 
by Brune (1953) to assess reservoir trap efficiency based on the capacity’s outflow ratio, 
rather than the inflow. Issa et al. (2015) considered the sediment rating curve and sediment 
trap efficiency to assess the sediment load deposited in the Mosul Dam reservoir in Iraq 
based on monthly inflow data for the main river and valleys around the reservoir. The 
estimated sediment deposition was close to the bathymetric survey results for 25 years of 
dam operation. 

 Bathymetric Survey (direct method) 
A bathymetric survey is a direct method for the assessment of sediment deposition and 
distribution along reservoirs and specifies the bed profile due to the effect of water storage 
and changing the flow regime using sophisticated electronics  (Ajith, 2016).  This process 
depends on a bed survey during a time after dam operations, which is compared with the 
bed morphology at the beginning of operations to assess the quantity and form of deposited 
sediment at the time of the survey. This method is one of the important processes to 
evaluate current situations and can be used to calibrate and evaluate mathematical models 
for future studies.  
Issa et al. (2013a) applied a bathymetric survey to assess the sediment deposition in Mosul 
Dam’s reservoir and establish a new rating curve after 25 years of dam operation.  The 
results indicate that the reduction in the dam’s storage capacity at 320 m.a.s.l. storage level 
was about 14.7% over its operational years (1986–2011).  Plumieer et al. (2014) compared 

Figure 2.2: Estimating the reservoir trap efficiency curve, Brune, 1953,  
                    (Annandale et al., 2016). 
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two methods, the traditional method (TIN, triangular irregular Network) and the Insertion 
of Mesh Points (IMP) method, to assess sedimentation based on the same bathymetric data.  
The results of the IMP were better than those of the TIN for the studied case, but more 
cases are required to confirm these results.  A number of researchers have used bathymetric 
surveys to assess the sediment deposition and distribution in different reservoirs around 
the world. Ferrari (2015) surveyed the bed of the Pueblo Reservoir in Colorado, USA, using 
sonic depth recording equipment interfaced with a Global Positioning System (GPS). About 
a 7% reduction in reservoir storage capacity  was estimated  due to sediment deposition 
and the differences in  previous survey methods. Likewise, Ajith (2016) applied a 
bathymetric survey to the Peechi dam reservoir in India to assess the reservoir’s capacity. 

 Reservoir Sediment Modelling  
One of the most common methods to study and evaluate the sediment deposition and 
distribution in a reservoir is sediment modelling. Sediment models also help to predict the 
propable effects of sediment on a reservoir’s storage capacity and its effects on a reservoir’s 
operational efficiency for different purposes.  Reservoir sedimentation models can be 
classified into two main types: (i) physical models and (ii) mathematical models. 

 Physical Models 
The flow and sedimentation problems in different hydraulic structures, such as canals, 
rivers, and reservoirs, can be used to study, analyze, and determine solutions using physical 
models. However, this type of model is considered expensive in comparison to numerical 
models, which are more widely used.  Physical models can be applied to study and suggest 
suitable solutions for different flow and sediment problems when a mathematical model 
cannot simulate the situation accurately. Briggs (2013) presented a technical note that 
included a brief description of physical and laboratory modeling, its advantages and 
disadvantages, and the different types of physical models. The main advantages of physical 
models is that they represent flow phenomena without simplification, thereby helping to 
determine the empirical coefficients of different approaches for mathematical models, as 
well as to calibrate mathematical models. Physical models are also cheaper and safer than 
prototype studies, and they can work as a hybrid model alongside mathematical models to 
reap the benefits of both models.  Their disadvantages include scale effects due to 
laboratory space limits and cost constraints. Further, some boundary conditions likely 
cannot be simulated as in prototypes, and physical models cost more than numerical 
models.  
 Issa et al. (2012) used a physically-based distortion model to study the effects of the 
reservoir water level and inlet flow rate on the bed load transport rate. This model simulates 
the upper 15 km length of the Mosul Dam reservoir. The results indicate that the bed load 
decreased by increasing the reservoir level; also, a reduction in the bed load was observed 
when the reservoir water level created backwater that affected the flow at the river section.  
Due to the serious problems of sedimentation in Taiwan, Huang et al. (2018)  built a physical 
model of the Wushe Reservoir to investigate  flood flow, sedimentation patterns,  and 
reservoir trap efficiency in order to predict the reservoir’s lifespan. Based on the model’s 
results, a calibration of Brune’s curve, and an understanding of the sediment movement in 
the Wushe Reservoir were achieved.   

 Mathematical Models 
A mathematical model is a solution of representative equations that uses a computer 
program. Sediment models  offer simulations and solutions for different phenomena, such 
as transportation, diffusion, erosion, and deposition (Ghomeshi (1995)). Mathematical 
models of reservoir sedimentation can help estimate sediment deposition in a reservoir, as 
well as the life span of a project, and find a suitable solution for different sediment problems 
in different structures attached to dams due to the accumulation of sediment. In addition, 
mathematical models are considered to be efficient tools for the study, analysis, and 
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management of flow and sedimentation, in addition to finding a suitable operational 
schedule to achieve the optimal solution for a given objective(s).  The rapid development in 
computer capacities and processing abilities has made the application of mathematical 
models widespread.  Mathematical models can be classified into three main types  (Simões 
and Yang (2006)) as follows:   
2.2.3.2.1 One-Dimensional Models 
Depending on the study situation, a one-, two-, or three-dimensional model can be selected. 
For studying and simulating the flow, sediment transport, and deposition along a reservoir 
or river (long flow reach), a one-dimensional model is more applicable than more 
complicated models (i.e., 2D and 3D models) (Morris and  Fan, 1998).  In these models, the 
flow velocity, sediment concentration, and other variables are considered to be uniformly 
distributed across the flow sections. Zhang et al. (2005) applied a 1-D model to simulate a 
sedimentation case in two reservoirs, the Sanzuodian and Daxi Reservoirs  on the Yinhe 
River  (annual sediment concentration 43.3 kg.m-3 to 750 kg.m-3) and the upper Yellow River 
(average value greater than 300kg.m-3 for the period of 1950–1977 (Qinghua and  Wenh, 
1989))  in China. Both rivers carry a relatively high sediment concentration load, so the aims 
of the study were to maintain the reservoir’s life, to design reservoir operational release 
and discharge facilities, and to study suitable ways to reduce sedimentation.   
Gibson et al. (2006) added sediment transport abilities to the Hydrologic Engineering 
Center's River Analysis System HEC-RAS as a 1-D model. The initial version of this model was 
used for simulating a wide range of hydraulic abilities; steady flow was used alongside 
hydrodynamic sediment factors to develop this model. The modified version includes 
erosion, sediment transportation and deposition, and bed level changes based on the initial 
version of the HEC-6 Model.  Reddy et al. (2018) applied the HEC-RAS model to predict the 
sediment formation  in Tenryu River between the Hiraoka and Sakuma Dams in Japan. The 
simulated values were slightly less than measured values  and followed the same trend.  
Ahn, (2011) described the Generalized Sediment Transport model for Alluvial River 
Simulation GSTARS4 as a 1-D model. GSTARS is a series of computer models developed by 
the United States Bureau of Reclamation (USBR).  This model was developed based on its 
ability to simulate reservoir sedimentation and flushing. Furthermore, the present model 
can simulate the unsteady flow and used both the river and reservoir as parts of the study 
area. This model was applied to the Xiaolangdi Reservoir on the Yellow River to simulate 
sediment transport, reservoir sedimentation, and flushing. The sediment concentrations in 
the reservoir ranged between10 kg.m-3    and 100 kg.m-3 for normal operations and between 
100 and 300 kg.m-3 for flushing operation; 20% to 70% of the sediment load is clay.  
Olufayo et al. (2011)  presented a 1-D numerical finite difference model to solve the mass 
balance continuity equation for solid-fluid conservation. The purpose of this model is to 
grade the quality of deposited sand identified by the selected barrier height in the sand-
filled reservoir. The model results were compared with the experimental values and showed 
good agreement. Beebo  (2012) applied a 1-D model—the HEC-RAS model—to study the 
bathymetric variations of the Sakuma reservoir on the Tenryu River in Japan. Then, the 
validated model was applied to predict the sediment deposition and future bathymetric 
changes. Aghamajidi and Heidarnejad (2013) developed a 1-D model (FORTRAN Code) with 
a uniform flow; the sediment continuity equation was solved by the finite difference 
method. The model function computes the reservoir’s bed formation and sediment flushing 
with time-steps and is built based on the experimental results. The data obtained from 
Dashidaira Dam in Japan were used for model verification. A comparison with the measured 
values indicates good model performance, which was better than that of the HEC-6 model, 
especially for bed erosion prediction. Guertault et al. (2016) presented  a 1-D hydrodynamic 
model (River Hydraulic Component Model) MAGE coupled with a 1-D mass conservation 
formula solver for the transport of a suspended load (ADIS-TS) to imitate  the dynamics of  
a suspended sediment load on the  upper Rhône River in France, which includes two 
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reservoirs. This study examined the water intake location, outlet positions, and suspended 
load distribution at a large water depth within the vicinity of the dam axis.    Ahn and Song 
(2018) applied a 1-D numerical sediment transport model, the GSTARS model, to analyse 
the effects of a number of stream tubes on model performance using 14 years of measured 
reservoir sedimentation data. This model can simulate the bed geometry changes in a semi-
two-dimensional manner using the stream tube concept.    
2.2.3.2.2 Two-Dimensional Models 
Due to the fast development of in computers’ processing abilities, 2-D models are more 
applicable for simulations of morphemically complicated river reaches and different 
reservoirs studies; flushing, erosion and scour over a relatively long simulation period. 
These two-dimensional models can be classified into, (i) two-dimensional vertically average 
models, where the  hydraulic parameters and flow characteristics are described across the 
flow, and (ii) two-dimensional horizontal average  models where the  flow characteristics 
are described for the flow depth (Simões  and Yang, 2006).  Olsen (1999) presented a 
numerical 2-D simulation model for sediment flushing from reservoirs. Navier–Stokes 
equations are used to find the average depth parameters for 2-D simulations. Model 
valuations are based on comparing the results of the erosion patterns and scour volume 
with physical model data. In the bend, the results showed that there was a deviation 
between the numerical model results and the measured values.  El-Moattassem et al. (2005)  
applied a 2-D model to investigate the long-term sedimentation in the Aswan High dam 
reservoir. A generalized computer program system for open-channel flow and 
sedimentation (TABS-MD) was selected to simulate the study case. A comparison of the 
model results with the measured values indicates good model performance for the 
simulated water surface elevation, flow velocity, and bed level variations. Chen and Tsai 
(2017)  presented a 2-D model for the assessment of sediment distribution, the evolution 
of the bed, and sediment flushing efficiency. The proposed model was applied to the Gong-
Dian reservoir in southern Taiwan. The results indicate that the simulated sediment flushing 
efficiencies are close to the laboratory results.  
Mbajiorgu (2018) simulated the scour, sediment transportation, and deposition in 
reservoirs using the GSTARS3 Model. The simulation considered each stream tube 
individually to obtain a semi-three-dimensional simulation of bed changes. The life span of 
the reservoir predicted by a simplified consideration of the sediment rate method is close 
to the numerical solution.    Luo et al. (2018) improved a 2-D model considering the finite 
volume technique and equilibrium transport equations for shallow water and bed load 
transportation due to the back water effect. This model was applied, after verification, to 
physically based model data to simulate an actual reservoir in China. The simulation 
included reservoir storage,  flood process, sedimentation morphology, sediment transport 
rate, and bed level changes.  The results indicate that the downstream water level affects 
the location and sedimentation morphology in the random growth of a riverbed.  
2.2.3.2.3 Three-Dimensional Models.  
In natural rivers and reservoirs, flow occurrences are three-dimensional, especially near the 
bends, flow expansions, contractions, and different hydraulic structures  (Simões and Yang, 
2006). For the 3-D model, the hydraulic parameters and flow characteristics are described 
in all directions of flow (X, Y, and Z). Usually, 3-D models use the Navier–Stokes equations 
to simulate the hydraulics of the flow situation; furthermore, 3-D mass balance equations 
are used for suspended sediment transportation (van Rijn, 1989).   
Admass (2008) developed a bed load model coupled with open source code (the Estuarine 
Coastal Ocean Model (ECOMSED)) as a 3-D hydrodynamic and sediment transport model to 
simulate the flow and sediment load of water bodies.  The flow and sediment characteristics 
were simulated for a curved channel and the River Klarälven in Sweden.  For a short 
simulation time (2 h), the results indicate that the simulated sediment transport and bed 
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shear stress are good in comparison with the observed values. This study included an 
application of the Soil and Water Assessment Tool (SWAT) model to study the effects of 
data limitations on runoff models. This model was applied to three watersheds in Ethiopia 
under limited data conditions.   
Khosronejad et al. (2008)  developed a 3-D hydrodynamic model using the finite volume 
method and connected it with a 3-D sediment transport model for the purposes of 
computing the flow field and bed evolution during the flushing process of a reservoir.  The 
hydrodynamic properties of the model were used for model verification in comparison with 
the physical model values, while the sediment concentration calculations were compared 
to the experimental results of the physical model. The model results showed good 
agreement with the experimental values for bed evolution.  
Haun and Olsen (2012) applied the 3-D model, Sediment Simulation In Intakes with 
Multiblock option (SSIIM2), to  the Angostura reservoir in Costa Rica to evaluate the model’s 
performance for reservoir sediment flushing. The considered data of the flushing simulation 
included a bathymetry survey of the bed level, bed material sizes, flow rates, and the 
reservoir storage level. Both the released sediment load and bed formation after flushing 
were compared and indicated the possibility of simulating the flushing process of the 
storage reservoirs. Haun et al. (2013)  applied the 3-D model, SSIIM, to a hydropower station 
reservoir to determine the suspended load distribution and form of deposition. The model 
was validated with 3-D measurements of the suspended load concentration at 25 locations 
in the reservoir. A comparison between the simulations and measurments of both the  
suspended loads (simulated and measured) and the bed formation (model simulation and 
echo sounding survey)   indicated fair agreement between them. Esmaeili et al. (2013) 
applied the 3-D hydrodynamic and sediment transport model, SSIIM, to assess the capability 
of the model in the free flow sediment flushing process with and without drawdown to 
simulate both the different steps of bed formation changes in shallow reservoirs and the 
flow field under the equilibrium conditions of bed formation. The results demonstrated that 
the model can simulate the complex characteristics of flow velocity. Furthermore, the 
flushing effect is limited to the local effects near the outlets in comparison with drawdown 
flushing.  
In Iraq Abed et al.  (2014) and Khassaf and Hassan (2014) applied the SSIIM model to 
simulate and predict the flow velocity and sediement transportation  upstream of both the 
Al-Ghammas Barrage (middle of Iraq on the Euphrates River) and upstream of the Al-
Amarah Barrage in southern of Iraq. The results of the simulations in both studies show 
good agreement with the measured values. Hobi (2014) applied a 3-D model (SSIIM) to 
simulate the density current and delta formation in the Haditha Reservoir in Iraq and the 
flushing process. The results indicate fair model performance, including the simulated 
flushing process in comparison to the measured values. Hillebrand et al. (2016) presented 
a study to determine the accuracy of the SSIIM model, to simulate sediment transport. Their 
study applied a 3-D numerical model to solve the Navier–Stokes equations on a 3D 
unstructured grid. The measured velocities and bed level changes for the Iffezheim reservoir 
in Germany were considered for model evaluation. The simulated velocity pattern shows 
good agreement with the measured values. Moreover, the location and magnitude of 
sediment deposition are largely in agreement with measured the values. Elsahabi and  
Negm (2017) created a 3-D model to identify lake bed heterogeneity and also to increase 
confidence in modeled profiles and to provide a tool to manage the lake. Other applications 
of this model include assessing the sediment deposited in Lake Nubia upstream of the 
Aswan High Dam in Sudan and determining a better method to remove the sediment. The 
results indicated that the model overestimated the deposited load in comparison to other 
methods used by the Aswan High Dam Authority. Esmaeili et al. (2017)  applied a 3-D model 
using the finite volume approach to simulate and predict the flow velocity and variation in 
the bed formations of the Dashidaira reservoir located on the Kurobe River in Japan. Their 
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study aimed to simulate the flushing process in the reservoir compared to the free flow 
flushing process previously employed, and the data were documented. Then, the model 
was applied to improve flushing efficiency by considering the effects of the flow level, flow 
rate, and construction of an auxiliary channel within the dead storage zone.  The results 
indicate that flow pulses increase the flushing efficiency by up to 13% in comparison with 
the free flow, while the auxiliary channel can increase the erosion rate nearby the channel 
area.  Mouris et al. (2018)  applied the 3-D model, SSIIM2, to simulate flow and sediment 
transport in the Schwarzenbach Reservoir in Germany.  The study aimed to assess how the 
flow was affected by  the force created by the wind and  discretization schemes. The results 
indicate that there is an important effect of the wind on the reservoir flow field. Also, the 
simulation indicated that the  inflow rate and reservoir storage level affect the suspended 
load distribution. 

Different physical and mathematical (2-D and 3-D)  models have been applied to study, 
analyze, and determine suitable solutions to reduce the effect of sediment accumulating 
near the hydraulic structures that effect their operational efficiency and abilities. These 
structures include water intake and pumping stations.   Michell et al. (2006) used a hydraulic 
model to show how the modifications of the area in front of the intake and the river bank 
upstream from the intake can control the sedimentation problem of the Conesville Power 
Station in the USA. The reform includes erosion-promoting vanes with a sediment control 
wall in addition to the realignment of river banks upstream from the intake.  The proposed 
sediment control designs have shown effective results for studying the river’s ability to 
transport sediment away from the intake.  Moussa (2011) applied a 2-D model, CCHE2D, to 
study and analyze the sedimentation problem at the Rowd El-Farag pumping station on the 
Nile River in Egypt. The Proposed alternatives to control the sedimentation problem include 
using dikes at different locations and/or dredging the area near the intake at different 
levels. The study recommended using dredging as a solution to maintain the sustainability 
of the station, although this process is relatively expensive.  Bi et al. (2009) applied a 3-D 
model using the standard k-  turbulence model with the Finite Volume Method (FVM) to 
simulate the flow through the pump and suction pipe at the Dongsong Pumping station in 
Kina. This simulation considered the designed discharge of the station under two 
operational unit combination plans. The results indicate that the flow conditions of the 
adjust pump are better than that of main pump for the two plans. Hazbkhah et al. (2010) 
presented a number of important issues based on previous experimental studies to control 
and prevent the sediment from entering the intake of the main irrigation channel to water 
the Boneh Basht area using the Kheir Abad River in  Iran. The studies indicated that drawing 
water from the outer curve is suitable due to the low sediment concentration near this flow 
area. Furthermore, the angle of water drawing influences the flow turbulence and reduces 
the amount of sediment entering the intake in addition to the different river regimes, which 
may react to the different hydraulic structures and affect the sediment rate of transport, 
erosion, and deposition.  Shahidan and Hasan (2011) applied the 2-D model, CCHE2D, and 
a physical model to simulate the sediment patterns near the Ijok Intake on the Ijok River in 
Malaysia. This intake is suffering from an accumulation of sediment near the inlet, leading 
to a reduced intake in the flow capacity efficiency. Good agreement was obtained between 
the mathematical models in comparison with the physical model. The proposal of using a 
dike structure in the mathematical model provides a good way to reduce the effects of the 
sedimentation problem near the intake.   

and  (2015) applied the 3-D model, SSIIM2, to simulate the flow and 
sedimentation in an intake of a rectangular section. The flow velocity distribution near the 
water surface, the separation zones of the flow, and the sediment inflow into the intake 
and pumping station were simulated at different sections of the main channel and the 
intake. The model results have good agreement with the experimental results of other 

Intakes and Pumping Stations 
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researchers. Furthermore, the model was applied to analyze the sediment patterns near 
the pumping station intake.  Charafi (2019) developed a 2-D numerical model to simulate 
the sediment transportation in a reservoir in Morocco, observe the flow and sediment 
conditions surrounding a water supply intake and examine the effects of these conditions 
on operational efficiency. The model shows the ability to predict the shutdown period of 
the station for a high sediment concentration flow due to an extreme rainfall depth.   
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3 STUDY AREA AND DATA 
This work considers the sedimentation problem of the pumping station of the North Al-
Jazeera Irrigation project, located in the Mosul Dam Reservoir, as a case study to evaluate 
proposed sustainability approaches. To study, analyze, and propose a suitable approach to 
control this sedimentation problem, all the areas that carry sediment, contribute to the 
sediment load arriving at the station, and affect station operations were considered. The 
Tigris River’s watershed, the sub-watersheds around the Mosul Dam reservoir, and the 
Mosul Dam reservoir are the studied areas.  

The Tigris River is the second largest river in Western Asia. The main sources of flow into 
the Tigris River are a number of headwater tributaries from the Zagros Mountains and 
precipitation from the Armenian Highlands. The watershed of the Tigris River is a shared 
area between Turkey, Iran, Iraq, and Syria. The total watershed area of the Tigris River is 
221,000 km2 (UN-ESCWA and BGR (United Nations Economic and Social Commission for 
Western Asia, 2013)), while this watershed’s area, upstream  from the Mosul Dam reservoir, 
is 54,900 km2 and it is  shared by Turkey, Syria, and Iraq (Issa et al. 2013b). Its elevations 
range between 3600 m.a.s.l in the upstream region to 256 m.a.s.l. near the dam axis bed 
level.   The watershed boundaries and DEM of the Tigris River upstream of the Mosul Dam 
are shown in Figure 3.1. 

 
The average annual flow of the 
Tigris river is about 21*109m3 

near the Iraqi  border; this value 
was reduced to 9.7*109m3 after 
the construction of the Ilisu 
Dam in Turkey, (Al-Ansari and  
Knutsson, 2011).  The average 
annual flow of the Tigris River 
during the study period (1986–
2011) ranged between 
262m3.sec-1 to 1325 m3.sec-1 
(Figure 3.2).  
 
 

Tigris River. 

Figure 3.1: Watershed boundaries and the DEM of the Tigris River upstream of the Mosul 
Dam and its location  (Turkey, Iraq, and Syria) 

Figure 3.2: Average  annual flow rate  of  the  Tigris 
River for the period 1986–2011. 
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Based on the measured sediment load at Tusan Station, upstream of the Mosul Dam 
(Kurukji, 1985), the sediment concentration of the Tigris River ranged between about  
7.0 kg.m-3 and 0.03 kg.m-3.  The measured sediment load data upstream from the Mosul 
Dam Station was used to create a sediment load rating curve (Figure 3.3). The measured 
data show good agreement between the sediment load concentration (kg.m-3) and the river 
flow rate (m3.sec-1). The determination coefficient was 0.87.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The Tigris River provides the main flow and sediment loads into Mosul Dam reservoir. 
Furthermore, there are several sub-watersheds around the reservoir that involve in runoff 
flows that carry sediment loads directly to the Mosul Dam reservoir.  There are seven sub-
watersheds (valleys) on the left bank of Mosul dam reservoir, and four sub-watersheds on 
the right side of the reservoir (Figure 3.4). 

Watershed Release Directly into the Mosul Dam Reservoir 

Figure 3.4: The Mosul Dam reservoir and the topography (DEM) of the sub-watersheds 
around it. 

Figure 3.3: Sediment load rating curve of the Tigris River upstream 
from the Mosul Dam Reservoir. 
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 Topographical Properties of the Sub-watersheds 
1 The ground surface levels of these sub-watersheds vary from a highest level of about 1332 
m.a.s.l. in the upstream watershed boundaries to 308 m.a.s.l. near the sub-watershed 
outlets. The average ground slope of these sub-watersheds range between 14.8% and 6.0% 
for left-side watersheds and between about 5.3% and 2.2% for the right-side sub-
watersheds. Table 3.1 shows the area, slope, and length of each considered sub-watershed.  
The total area of all the valleys’ sub-watersheds is about 1840 km2. This area represents no 
more than 3.3% of the Tigris River’s watershed upstream Mosul Dam reservoir.   This table 
shows that the slopes of the sub-watersheds are relatively high; left side sub-watersheds’ 
slopes are over 6%, which increases the runoff flow and the ability of the flow to detach and 
transport the sediment load.  

Table 3.1: Topographical Properties of the sub-watersheds on both sides of the Mosul   
Dam reservoir. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Geological Fformation and Soil Type. 
The watershed area around  Mosul Dam reservoir is composed geologically from two main 
parts. The mountain area consists of the Pilaspi Formation, which is made of dolostone, 
limestone, marl, and marly limestone, while the plain area and the upstream area near the 
reservoir inlet are a part of both  the Lower Fars (Fatha) and the Upper Fars (Injana) 
formations, which consist of sandstone, claystone, and siltstone in successive layers 
(Al-sinjari, 2007). Based on the explorer soil map of Iraq  (Buringh, 1960), the 
Reconnaissance Soil Map of the Three Northern Governorates of Iraq ( Berding, 2001), and  
a Digital soil map of the world and the derived soil properties (Food and Agriculture 
Organization of the United Nations., 2003), the soil sample locations were selected. 
Eighteen soil samples were taken from zones with different soil types, and different sub-
watersheds were used to identify the soil types and their properties. Figure (3.5) shows the 
grain size distribution for the different considered soil samples.
 
 

Sub- 
Watershed 

No. 

Name Side Area 
(km2) 

Slope 
% 

Length 
(km) 

1 Althaher Left 192.4 8.6 11.7 
2 Kalac Left 100.8 6.9 17.7 
3 Nakab Left 145.9 6.0 21.0 
4 Kurab Malik Left 144.0 8.2 23.3 
5 Afkiri Left 106.2 7.4 21.6 
6 Jardiam Left 388.8 14.8 29.5 
7 Amlak Left 163.4 12.6 18.6 
8 Sweedy Right 450.8 3.6 38.8 
9 Kara Kandy Right 78.5 2.2 21.8 

10 ----- Right 19.3 3.1 2.8 
11 Khuyr Hara Right 50.1 5.3 10.9 
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In addition, a number of soil samples that were taken and analyzed previously ( Alsayegh 
(2006) and Al-sinjari (2007)) from both sides of the Mosul Dam reservoir were also 
considered.  Generally, the soil classifications were clayey, silty clay, and silty clay loam for 
the sub-watersheds. The percentages by weight for the grain size distribution of clay, silt, 
and sand among the soil samples analyzed  by Alsayegh (2006) are shown in Table 3.2. The 
grain size distributions are similar to those of the analyzed samples (Figure 3.5).  
 

                              Table 3.2: Percent by weight of the grain size distribution of clay, silt,  
                                                 and sand for the soil samples analysed by Al-sinjari (2007).  

Sample 
No. 

Clay% Silt% Sand% Soil 
Classification 

1 0.47 0.39 0.14 Clay 
2 0.44 0.43 0.13 Silty Clay 
3 0.48 0.47 0.05 Silty Clay 
4 0.41 0.49 0.10 Silty clay 
5 0.49 0.45 0.06 Silty clay 
6 0.39 0.51 0.10 Silty Clay Loam 
7 0.40 0.50 0.10 Silty Clay Loam
8 0.37 0.48 0.15 Silty clay loam 

 
The prepared soil classification map of the sub watershed release in the Mosul Dam 
reservoir and the soil sample locations are shown in Figure (3.6). 

Figure 3.5: Grain size distribution of the study area’s (sub-
watersheds) analysed samples. 
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The Mosul Dam is a northeast dam in Iraq on the Tigris River.  It is a multipurpose dam 
offering flood control, irrigation, power generation, and water supply for the downstream 
cities. The storage capacity of the Mosul Dam reservoir at a normal operational level (330 
m.a.s.l) is 11.11*109m3, including 8.16 *109m3 for live storage and 2.95*109 m3 as dead 
storage.  The surface area of the reservoir at a normal operating level (330 m.a.s.l) is about 
375 km2. It is about 60 km long, and its width varies from 2 km to 14 km. Its maximum 
operational level is 335 m.a.s.l, while its minimum operating level is 300 m.a.s.l.  
Like most of the storage reservoirs around the world, the major problem associated with 
the Mosul dam construction is sediment deposition. The sediment deposited in the Mosul 
Dam reservoir after twenty-five years of dam operation (1986–2011) is about 46 MCM 
annually, on average (Issa, 2015). This value distributed between the dead and live storages, 
represents about 0.8% of the dead storage and 0.3% of the live storage capacity which are 
equivalent to about 0.4% of the total storage. This value is lower than the average 
worldwide rates of 0.8% to 1% reservoir storage capacity ((Basson, 2009) and (Ali and 
Shakir, 2018)), respectively.  However, the main issue is sediment distribution and the 
accumulation of sediment near the attached structures. The sedimentation near the intakes 
of the powerhouse and the bottom outlets affects the operational efficiency of the dam. 
This sediment reduces the structure’s capacity and the reservoir’s ability to safely meet 
different water demands. 

 Pumping Station Intake 
The pumping station at the Mosul Dam reservoir is one of the main attached structures of 
the dam project in addition to the power plant. It was constructed in 1985 on the right bank 
of the reservoir at a distance of about 46 km upstream of the dam axis and 32 km from the 
simulated reservoir inlet. During the construction period, to prevent the issues caused by 
water coming in, earth dikes were constructed upstream and downstream from the intake, 
as shown in Figure (3.7). These dikes remain present to this day, although they have no 
function.   
 
 

Mosul Dam Reservoir 

Figure 3.6: Locations  of  the  soil  samples  and  the  prepared  soil  map 
classification of the sub watershed release in the Mosul Dam 
reservoir. 
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The station started pumping supplementary irrigation water to the North Jazeera Irrigation 
Project in 1991. This project is located in the northwest area of Ninava Province, the Rabeaa 
Sector, covering an area of about 600 km2. The components of this station include a 
sediment trap basin (about 150 m in length and 80 m in base width) (Figure (3.8)), the intake 
structure (consisting of three rectangular tunnels of 3*3.5 m each, which then change to a 
circular section 3.5 m in diameter), and the final main part, which is the central pumping 
station.  
 
 
 
 
 
 

 

 
The pumping unit consists of twelve pumps, each with a 4 m3.s-1 maximum capacity. The 
designer selected the location of the station intake at a relatively far distance from the 
reservoir inlet (about 32 km), under the presumption that this location has a low sediment 
load concentration, (Abdul-Baki, 2001).  Unfortunately, after about ten years of pumping, 
the station stopped functioning, as the conduits and suction pipes’ capacities were reduced 
due to sediment accumulation inside of them. Inevitably, sediment accumulated in the 
trapping basin and intake structure, which affected the station’s pumping capacity and 
efficiency. All the considered treatments by project administrators were limited and 
temporary. Those treatments sought to remove as much of the deposited sediment as 
possible from inside the trapping basin, intakes, and suction pipes.
 

Figure 3.7: A satellite image (Google image) of the pumping station. 

Figure 3.8: A longitudinal section in the trapping basin of the pumping station intake. 
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4 MATHEMATICAL MODELS 
The design, operation, analysis of, and solutions to the sedimentation problems in hydraulic 
structures are based on the construction of physical models. These models are considered 
expensive in comparison to mathematical or numerical models, which are the more widely 
used techniques. A major advantage of using computational models is that they can be 
employed under different domains more easily than physical models, which tend to be 
rather site-specific. Therefore, suitable models were applied to achieve the aims of this 
study. All types of models, both physical and mathematical, require field measurement data 
to simulate the prototype and calibrate and validate the model. For reservoir sedimentation 
studies, generally, the source of the sediment load that enters the reservoir is the load 
transported by the main river flow, in addition to the load carried by the runoff flow from 
the watersheds that drain into the reservoir.  
For natural rivers, the carried flow and sediment loads are usually recorded as daily data at 
multiple stations along the river, depending on the carried load, river morphology, and 
variation of the river basin’s characteristics along the river. The recorded sediment data 
from rivers considers the main source of the sediment loads delivered to reservoirs to 
satisfy their dead storage capacities and their routing of sediment.  For watersheds and 
seasonal river, long-term historical recorded data for both flow and sediment are rare,  
especially in the Middle East and developing countries  (Tamang, 2017). Mathematical 
models are important in this situation to simulate ungauged watersheds. Regionalization 
techniques are used to transfer the model parameters from watersheds with similarly-
gauged properties.  For this purpose, the Soil and Water Assessment Tool (SWAT) model 
was selected to estimate the runoff and the carried sediment load from the watersheds of 
the study area.  

The Soil and Water Assessment Tool (SWAT) is a continuous simulation model developed 
by the USDA Agricultural Research Service. It is a physically based model used to estimate 
runoff, nitrogen  losses, and phosphorus and sediment transport at the watershed scale for 
a daily time-step (Arnold et al. 1998). This model was selected from among a number of 
runoff and soil erosion models due to its advantages: i) This model overcomes the 
limitations of single event models, which means that it is suitable for long-term simulations 
like the studied case; ii) it can predict the effects of land use and management changes on 
runoff, sediment, and chemical yields in large-scale watersheds; iii) it has the ability to 
interface with the GIS model, which makes the model more efficient in simulating large 
watersheds and considering variations in soil properties, land use  as a shape file map, and 
weather data at different locations of the studied area; iv) this model is in the public domain 
and can be used freely. The model has shown its ability to simulate water balance and 
sediment yield in different regions around the world, most of them in ungauged 
watersheds. It has been applied to arid and semi-arid regions (Andersson (2011), Emam et 
al. (2017), Abbas et al. (2018), Khayyun et al. (2019), Al-Khafaji and Al-Chalabi (2019))  and 
humid areas  (Prabhanjan et al. (2015), Sisay et al. (2017) and  Ang and Oeurng (2018)). 
The SWAT model reflects the effects of different factors on runoff and chemical and 
sediment load, such as weather parameters (precipitation, the maximum and minimum 
temperature, wind, humidity, and solar radiation), as well as evapotranspiration, 
groundwater, and crop growth data (Neitsch et al. 2009). Based on watershed topography, 
which is read as a Digital Elevation Model (DEM) file, the watershed is divided into sub-
watersheds (sub basins).  Furthermore, to consider the spatial variations of different 
effective factors on model assessments and to improve the prediction accuracy, the  
sub-watersheds are divided into a number of smaller units with the same soil type, land use, 
and land slope; these units are called Hydrologic Response Units (HRUs). The water balance 
equation used for the SWAT model takes the following form: 

SWAT Model 
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 =  +  (4.1) 

where 
: the soil water content at the end of the simulation time [L], 
: the initial water content [L], 
: the depth of precipitation on day i [L], 
: the depth of the surface runoff on day i [L], 

: the depth of evapotranspiration on day i [L], 
: the depth of the return flow on day i [L]. 

 
The SWAT model can estimate the excess rainfall (runoff) depth via two methods (Neitsch 
et al. 2009). The first method is Green and Ampt’s (1911) infiltration method, and the 
second is the Soil Conservation Services (SCS) method developed by the U.S. Department of 
Agriculture, which is called the curve number method   (Chow et al. (1988)).  The first 
method requires rainfall data for less than a one day period to assess the excess rainfall 
accurately, but this type of data is not recorded in the stations near or in the study area; 
only the daily rainfall data are recorded. The second well-known method to estimate excess 
rainfall is using the SCS curve number (CN) method, which is based on the empirical 
measurements of the daily rainfall-runoff depth for different soil types, land uses, and land 
covers.  The daily excess rainfall can be estimated by the following equation: 
 = ( )( + ) (4.2) 

where 
: the initial rainfall abstraction, including depression surface storage, and infiltration [L], 

: the retention parameter, which depends on the initial soil water content. 
 
This parameter (S) is related to the curve number (CN), which can be estimated (in mm) by 
the following  equation: 
 = 25.4 1000 10  (4.3) 

 where : the value of the curve number on that day.  
 
The value of CN depends on soil type (permeability), land use/land cover, and the initial soil 
water content. The tabulated curve numbers are for a normal moisture condition, which 
can be modified for wet or dry conditions depending on the soil’s condition.   
The value of all initial abstractions  is about 0.2 , so substituting this value in eq. (4.2) can 
obtain the following form to assess the daily surface runoff (mm): 
 

 = ( 0.2 )( + 0.8 )  (4.4) 

This equation indicates that runoff will occur if the daily rainfall is greater than 0.2 . 
The estimated runoff depth is then routed through the overland flow and the channel flow 
grids, which are classified depending on the watershed’s topography.  
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For sediment routing, the SWAT model uses the Modified Universal Soil Loss Equation 
(MUSLE), first presented by Williams (1975). This model predicts soil detachment and 
erosion by rainfall and the runoff flow for each single storm during the simulation period. 
The sediment yield at the outlet of the Hydrological Response Unit (HRU) is estimated by  
MUSLE in the following form:  
 
  = 11.8( . . ) . . . . . .  (4.5) 

where 
: the sediment yield at the HRU outlet for the day of the rainstorm [ton], 

: the peak value of runoff for that storm [m3.s-1], 
: the hydrologic response unit area [ha], 

: the soil erodibility factor of the USLE, 
: the cover management factor of the USLE, 
: the support practice factor of the USLE, 

: the slope length factor of the USLE, 
 : the factor of the coarse fragment. 
 
The sediment load delivers the sub-basin outlet by routing it through each channel segment 
based on the stream power method. This method estimates degradation as a function of 
flow velocity and channel slope. The SWAT model uses a modified function presented by 
Williams (1980) for the stream power function  (Bagnold (1977))  to assess the sediment 
transport capacity for each segment as a function of the peak channel velocity in the 
following form: 
 , =  .    (4.6) 

where , : the maximum sediment concentration that can be transported for that 
segment [kg. -1], 

 : the coefficient defined by the user,  
: the peak flow velocity [m.s-1], 

: the exponent, which varies from 1.0 to 2.0. 

At each time-step, the sediment concentration in the reach (segment) is compared with the 
segment transport capacity. If the sediment concentration is greater than the sediment 
transport capacity, deposing will occur in that segment, otherwise degradation or erosion 
will occur.  The deposited amount of sediment is estimated by the following equation: 
 
 =  , , .  (4.7) 

where 
 : the weight of sediment deposited in that segment [kg], , : the initial sediment concentration of that segment [kg. -1], 

: the volume of water in that segment [ ].  
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The amount of degradation or erosion is estimated instead by the following equation: 
 
 =  , , . . .  (4.8) 

where 
: the channel erodibility factor,
: the channel cover factor.  

 Model Application 
The Soil and Water Assessment Tool (SWAT) model was applied to estimate the daily runoff 
and sediment load carried to the Mosul Reservoir from the sub-watersheds for the period 
1986–2011. For the right-side sub-watersheds, the model was calibrated for both runoff 
and sediment loads  based on the previously measured values  (Mohammad (2005)) of three 
single storms: one in Feb. 2003 and two in Jan. 2004. The calibration of the runoff values 
includes variations of the curve number (CN) value for each soil type and land use/land 
cover within acceptable ranges, as well as Manning’s roughness coefficient for both the 
overland flow and channel flow and soil hydraulic conductivity.   The CN is the most 
important factor for runoff depth in the considered method to assess runoff in addition to 
the soil factors. Furthermore, for sediment load calibration, the considered effective 
parameters are the Modified Universal Soil Loss Equation (MUSLE) equation’s parameters 
and the factors of the sediment transport capacity formula. The statistical criteria 
considered to evaluate the model performance were the determination coefficient (r2) and 
the Nash–Sutcliffe coefficient model’s efficiency Eff%.  The resulting values of (r2) and Eff% 
were 0.94 and 0.81 for the runoff measurements and 0.92 and 0.77 for the sediment load. 
The statistical criteria indicate that the model’s performance was reasonable in estimating 
both the runoff and sediment load in comparison with the measured values.  For the seven 
sub-watersheds on the left bank of the reservoir, this modal was validated based on the 
previously measured data (Al-Naqib and Al-Taiee (1990)) at the outlet of the Amlak and 
Jardiam watersheds. Nine single storms were observed in Jan., Feb., and Mar. 1988. The 
measured values feature both runoff and sediment concentration.  The same statistical 
criteria for model calibration also used for model validation. The determination coefficient 
and the Nash–Sutcliffe coefficient model’s efficiency were 0.85 and 85.2%, respectively, 
while for the sediment load concentration, the statistical values were 0.70 and 70.2%, 
respectively.  

The River Analysis System (HEC-RAS) model was developed by the Hydrologic Engineering 
Center, the Institute for Water Resources, U.S. Army Corps of Engineering. This model 
simulates the flow in rivers, channels, and reservoirs with different hydraulic structures, 
such as embankments, bridges, culverts, and weirs. The flow simulation can involve a steady 
flow, a quasi-steady flow, or an unsteady flow. The first version of this model was released 
in 1995 and was a 1-D flow model. The new versions were released later, including sediment 
transport computations for movable boundary conditions, including deposition and 
erosion, as well as water quality calculations. The most recent, HEC-RAS-5.0.7, offers a 2-D 
flow model and a 1-D sediment model. The HEC-RAS model was selected due to its ability 
to simulate the flow and sediment transport in the reservoir with different water work 
structures, such as embankments of the dam body, the forms of the outlets, the bottom 
outlet, the power plant outlets, and the spillway with or without gates. Furthermore, 
different types of weirs and pumping plants can be added.  These structures represent the 
requirements to simulate the considered case study. HEC-RAS is a public model, which is 
free to apply and offers technical support for its users, without limitations in its application. 
This model considers the continuity equation for mass conservation and momentum 
conservation to simulate the water flow.  The continuity equation for the unsteady 1-D flow 

Hydrologic Engineering Center River Analysis System—the HEC-RAS Model 
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in a control volume can be expressed in the following form (U.S. Army Corps of Engineers, 
2016): 

 + = 0 (4.9) 

where 
 : the flow cross-sectional area [L2], 
: the time [T), 
: the flow rate [L3.T-1],  
: the distance in the flow direction [L], 
: the flow rate per unit width [L2.T-1].  

 
However, the momentum equation for a control volume state can be expressed as follows 
(U.S. Army Corps of Engineers, 2016):  
 
 + + + = 0 (4.10) 

where 
: the average flow velocity [L.T-1], 
: the slope of the water surface [L.L-1], 
: the slope of the friction losses [L.L-1].  

For a reservoir flow, the planar flow distance is much greater than the perpendicular 
distance; consequently, the vertical velocity can be considered to be low. In this way, we 
can neglect both the vertical velocity and its derivatives in mass and momentum equations 
(U.S. Army Corps of Engineers, 2016) . For the 2-D flow simulation, the implicit finite volume 
algorithm for the mass conservation or continuity equation can be expressed in the 
following differential form: 
 
 + ( ) + ( ) + = 0 (4.11) 

where 
:  the summation of the potential head and pressure head [L], 
: the water depth [L], , :  the velocity components in the X and Y directions, respectively [L.T-1],   :  the distance in the x and y directions, respectively (in the horizontal plane) [L], 
: the source/flux term [L.T-1]. 

 
The equation for momentum conservation takes the following form: 
 
 + + =  + + +  

(4.12) 

 
 + + =  + + +  

(4.13) 
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where 
 : the acceleration gravity [L.T-2],
  : the kinematic (eddy) viscosity coefficient [L2.T-1], 
 : the friction coefficient of the bottom [T-1], 

: the Coriolis parameter [T-1]. 
 
For sediment load transportation, the considered model applies the Exner equation.  This 
equation represents a state in which the change in bed elevation,  , over time, , is equal 
to the sediment flux change over the grain packing density, , in the following form: 
 =  1 .  

(4.14)

By substituting the bed Layer porosity, , instead of the grain packing density, , for a 1-D 
flow, (i.e., the  sediment  distributed in the direction of flow x),   = +   ,   equation 
4.14  can be  written   as   
follows:   
 1 =       

           
(4.15) 

Where 
 : the bed width [L], 
: the bed elevation [L], 
 : Bed sediment concentration and equal to 1 ,  

: the bed layer porosity of the active film, 
: the sediment load carried by the flow [L3.T-1]. 

 
Depending on the load of the sediment carried and the sediment transportation, together 
with the capacity of flow for each section or control volume, the deposition or erosion  
(i.e., the change in the bed section) can be recognized. Based on the grain size distribution 
of the studied area’s sediment materials from both the main river flow and the sub-
watersheds that drain into the reservoir, the most suitable transport capacity functions for 
this study are Ackers–White, Laursen, and Toffaleti.  

 Approaches for sediment transport capacity  
The selected approaches for determining sediment transport capacity in the HEC-RAS model 
were: 

 The Ackers–White Equation 
The Ackers–White equation  was first presented in 1973 by  Ackers and White (1973). This 
equation was developed based on experimental data from a wide range of sediment load 
sizes (0.04 to 7 mm), including different patterns of bed formation, such as ripples, dunes, 
and plan. The main advantage of this formula ( Meyer et al. (2009)) is that it considers the 
ratio of shear velocity to the mean velocity, which is one of the flow factors of the back 
water effect. Furthermore, it is a total load function, including both the bed load and the 
suspended load, so the numerical solution covers all parts of the sediment load. The Ackers–
White function can be expressed in the following form (Meyer et al. 2009): 
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 =  . . .  (4.16) =  . . .  
(4.17)

where = . 1 ;  = .  ( ) /
  (4.18)

= . . ( 1) 32.   32.  
(4.19)

Where 
: the sediment transport concentration [M.T-1),
 : the density of water [M.L-3], 

: the flow rate [L3.T-1], 
 : relative density of sediment, 
: the diameter of the sediment [L], 

: the sediment transport parameter, 
: the dimensionless grain diameter, , , ,  : values depending on , 
 : a function of mobility, 

: a constant value, 
: the shear velocity [L.T-1], V : the mean water velocity [L.T-1]. 

 Laursen Equation 
The second approach for considering sediment transport capacity is the Laursen equation, 
which predicts the total load (bed and suspended) based on a qualitative analysis, 
experiments, and additional data. Using this approach, the transportation of sediment is 
based on the mean flow velocity, depth, and hydraulic gradient, which reflect the hydraulic 
properties of the flow, as well as the characteristics of the sediment and fall velocity. For 
sediment of a specific grain size, the equation has the following form (Laursen, 1958):  
   = 0.01 / 1  .  

(4.20)

where
: the sediment load carried by the flow ( ) [M.T-1], 
: the bed shear stress [M.T-2.L-1], 
: the critical shear stress [M.T-2.L-1],

: a function of the shear velocity to fall velocity ratio.  

 Toffaleti Equation 
This approach also estimates both suspended and bed loads. It attempts to present  a 2-D 
model of sediment transportation by dividing the sediment load distribution into four 
vertical zones (Vanoni, 1975). The total sediment load represents a summation of the four 
zones (Haschenburger and Curran, 2012), the upper, middle, lower, and bed zones.  
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A specific equation is applied to estimate the transport capacity for each grain size of 
sediment particles and each flow zone as follows:  
 = . . ( ) .. .B

(4.21)

 
 = . . . . .B 

  (4.22) 

 

= 11.24 . 2.5 . . 2.5 .
1 + 1.5 .  

(4.23)

  = (2 ) . .B 

 
(4.24)

where
 = 43.2 (1 + ) .  

(4.25) ,  :the suspended sediment transport at the lower, middle,                                   and upper zon [ton.day-1], 
:  the bed load sediment transport [ton.day-1], 

 : the sediment concentration parameter, 
: the hydraulic radius [ft.], 
: the temperature exponent, : an exponent describing the relationship between the sediment and hydraulic 

characteristics, 
: the median particle diameters [ft.], 

 : the bed width [ft.], 
: the sediment concentration in the lower zone [pcf.],

: the flow velocity [ft./sec]. 
The total load is equal to the summation of the four previous equations.  

 Model Application  
The Hydrological Engineering Center River Analysis System (HEC-RAS) was applied as a 2-D 
flow simulation and a 1-D sediment simulation model. One of this model’s advantages is its 
ability to simulate different types and shapes of hydraulic structures to simulate the case 
study. The flow velocity distribution analysis of the Mosul Dam reservoir and evaluation of 
the sediment yield deposited from the Tigris River and the sub-watershed assessments were 
considered.  The bathymetry survey (Issa et al. (2013a)) was used to  verify the assessment 
of the sediment load deposition in the reservoir. 
The one-dimensional sediment model is more applicable than the two and 3-D models and 
can be applied to simulate sediment transport and accumulation along the reservoirs (with 
a long reach of flow) (Morris and Fan 1998). The advantages of such models are their 
reasonable computing time and suitability for simulating and solving sedimentation 
problems with limited calibration data (Molinas and Yang, 1986).
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Before construction of the Mosul Dam, the reservoir geometry (the storage–elevation 
curve) was created based on survey and contour maps ((Al-Ansari et al. 2013)  and  (Issa et 
al. 2013b)). To compare the geometry of the simulated reservoir with the contour map data, 
a terrain map was prepared based on the available contour maps of the reservoir area 
before dam construction and the available digital elevation model data (USGS).  A simulated 
reach representing about 80 km, including 54 km for the reservoir length, was used to create 
the terrain map for the HEC-RAS model.  The resulting elevation–storage curve of the 
reservoir geometry  was compared with the rating curve of the reservoir before the dam  
operation (1983) (Issa et al. 2013b) to evaluate the agreement (Figure 4.1). The two curves 
showed good agreement, and the determination coefficient (r2) was 0.98.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The dam section has also been simulated, including its four hydropower plan outlets, two 
bottom outlets, and five radial control gates for the spillway.  The measured and simulated 
reservoir water levels for the studied period are used for the flow simulation. The discharge 
coefficients for different hydraulic structures (the powerhouse, bottom outlet, and spillway) 
were the parameters used for model calibration.  The optimal values obtained for the 
discharge coefficient were 0.6, 0.65, and 2.18 for the bottom outlets, powerhouse, and 
spillway, respectively. Furthermore, the Manning’s roughness coefficients for both the main 
flow stream and the flood plain were considered; the obtained values were 0.6 and 0.65, 
respectively. The Manning’s roughness coefficients affect the flow and sediment 
transportation. The measured and simulated reservoir levels are shown in Figure (4.2).  
The obtained determination coefficient between the measured and simulated values was 
0.87, the Nash–Sutcliffe model efficiency was 88%, and the paired t-test value was 0.37 (the 
tabulated value at a significance level of 0.05 was 1.96). These results indicate that there is 
no significant difference between the observed and simulated values. The simulated total 
sediment load deposited in the reservoir for the period from 1986 to 2011 was  1.13 km3 , 
compared with the  bathymetry survey performed by Issa et al. (2013a), which was  
1.14 km3. A 1% difference indicates that the assessment of the sediment load carried by the 
Tigris River based on the rating curve, and the load carried by the sub-watersheds over a 
long-term simulation is reasonable. Certainly, there is an overestimation of the sediment 
load delivered to the reservoir for some years and an underestimation in others, but due to 
the long simulation period, a balance may bring the assessment very close to the measured 
value. 

Figure 4.1: Storage–elevation curves for the Mosul Dam at the dam’s 
construction in 1986. 
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This study focuses on the sedimentation problem in a certain area around the intake 
structure in the reservoir. Therefore, a 3-D model was considered to be more suitable than 
a 1D or 2D model. The third model used in this study is  the Simulation of Sediment 
movements In water Intakes with Multiblock (SSIIM) model presented by  Olsen (2018) at 
the Norwegian University of Science and Technology (NTNU). SSIIM is a computational fluid 
dynamics, CFD, and sediment transport model. The model was selected to achieve this 
study’s aims due to its ability to simulate sediment transport in a moveable bed with 
compound geometry (Olsen, 2018).  It is applicable to different studies on rivers, reservoirs, 
and surrounding hydraulic structures. This model considers different sediment size 
algorithms for transport calculations, including sorting, suspended loads, bed loads, and bed 
formation. The following continuity equation is derived based on the conservation of mass 
and momentum in the following form (Olsen, 1993): 
 
 = 0  

                   
(4.26) 

For a non-compressible constant density fluid, the Navier–Stokes equation takes the 
following form:  
 
 + =  1    

(4.27) 

                             
where 

 : the average velocity in the ith directions, i=1, 2, and 3 [L.T-1],  the spatial geometric scale [L] in the ith direction,  
 : the density of water [M.L-3], 

 : the dynamic pressure [M. L-1.T-2], 
: the Kronecker delta, equal to 1 if i is equal to j and zero if not, 

 : the Reynolds stress [M.L-1.T-2].   

Computational Fluid Dynamics Model (3-D, SSIIM Model) 

Figure 4.2: Measured  and  simulated reservoir levels at 
different times during the simulation period. 
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The Reynolds stress was modelled using eddy viscosity and the standard k–  model in the 
following form  (Agrawal, 2005): 
 
 =  + + 23  

(4.28) 

Where 
: Turbulent eddy viscosity [L2.T-1], 

: Turbulent kinetic energy [L2.T-2].  
 
The sediment load transportation in a river is usually distributed in two ways: a suspended 
load and a bed load. The suspended load is a fraction of the sediment moved in the 
suspension when the particle weight is less than the upward turbulent force. This load 
moves in the water depth layer higher than the bed level. The fraction of sediment that 
moves near and/or on the bed by rolling and slipping is called the bed load. This load 
represents the coarse sediment with a weight higher than the upward flow diffusion force. 
The grain size of the transported sediment, which is greater than 0.062 mm, is considered 
to be bed load sediment  (Hickin, 1995). 
In SSIIM mode, the sediment load transportation is distributed to a suspended load and a 
bed load. A number of empirical sediment transport formulas can be applied to assess the 
transport capacity of the flow, including the suspended and bed load portions of van Raijn’s 
formulas, Wu’s formula, and Meyer–Peter and Muller’s formulas. van Raijn’s formulas were 
selected due to their ability to simulate sediment transport efficiently compared to other 
formulas for medium and fine particle sizes ((Karami et al. 2014), (Abed et al. 2014)). The 
suspended sediment load concentration  was computed using the convection–diffusion 
equation (Olsen 2018). The convection–diffusion equation for a specific suspended 
sediment size i can be written in the following form: 
 
 + + z = + ,  

(4.29) 

where 
 : the dimensionless concentration of sediment size i [L3. L-3], 

 : the time [T); 
: the fall velocity of particle size i [L.T-1], 

 : the coefficient of diffusion [L2.T-1], , : the Pickup rate of sediment size i,  [L3. L-3.T-1]. 
                  
This model applies an empirical formula for the sediment concentration near the bed, which 
can be estimated based on Van Raijn’s formula (van Rijn, 1984b) in the following form: 
 
 

 , = 0.015 , ,, .
, (  )  .  

(4.30) 

where ,  : the dimensionless equilibrium sediment concentration near the bed of the ith fraction 
transport [L3.L-3], 



                                                                                                                                                                                
 

36 
 

,   : the ith sediment particle diameter [L], 
: the distance from the bed to the cell under consideration to calculate  , [L],
 : the bed’s shear stress [M.L-1.T-2], 
 : the critical bed shear stress of the sediment’s particle movement [M.L-1.T-2],  : the sediment density [M.L-3],

 : the water kinematic viscosity coefficient [L2.T-1]. 
                                             
The pickup rate for a certain particle size i can be defined by the following equation 
(Hillebrand et al. 2016):  
 
 , =  , , max ( , , , . )    

(4.31) 

where,  : the concentration of particle size i for the computed time-step in the bed cell [L3.L-3],, 
 : the fraction of the size of the ith  bed material (0–1). 

 
 van Rijn’s empirical formula (van Rijn, 1984a) is used in the SSIIM2 model to assess bed 
load transportation in the following form: 
  

,. ( ) = 0.053 ,, .  
,. ( ) .  

 
 

(4.32) 
 
where : the transport rate  of the ith fraction per unit width (L2.T-1). 

 Model application 
The application of the 1-D model (HEC-RAS) model, which is much easier and quicker to 
apply compared to a 3-D model, verified that the assessment runoff and sediment load 
reaching the reservoir were reasonable.  Then, to achieve the study’s main aims, SSIIM2 
was applied as a 3-D flow and sediment transport model. Due to the reservoir’s complicated 
geometry, the studied area is represented by nine blocks for the main reservoir area (block 
1), and the valleys around it represent the remainder. In addition, a nested block that 
focuses on the sediment trap basin and the area near the intake of the pumping station was 
added to analyze the flow and sediment deposition in more detail for the simulation in this 
area.  
The main reservoir was simulated for computational purposes using 101 gridlines (cross 
sections along the reservoir from the inlet to the outlet) in the streamwise (X) direction, 26 
gridlines (longitudinal cross sections) in the transversal (Y) direction, and a maximum of 11 
gridlines in the vertical direction (Z). A total of 2500 cells represent the horizontal layer of 
the waterbody, and 10 vertical cells identified the flow depth.  On average, the cell 
dimensions are 600*250 m in order to save the computational time caused by the huge 
surface area of the reservoir, which is about 375 km2 at a normal water level.  The nested 
block near the intake area is represented by 46 grid lines in the streamwise (X) direction, 23 
gridlines in the transversal (Y) direction, and a maximum of 11 gridlines in the vertical 
direction (Z). A total of 990 cells represent the horizontal layer of the area near the intake, 
and 10 vertical cells identified flow depth. The grid dimensions are 10*10 m, which covers 
an area of 99*103m2. Based on a grain size distribution analysis of the samples that were 
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taken from different locations in the study area, previous samples were analyzed by 
Alsayegh (2006) and Al-sinjari (2007),  runoff sediment load analysis was performed by 
Abdul-Baki  (2001) , Al-Naqib, and Al-Taiee (1990), and the main river sediment load 
distribution was studied by Kurukji (1985), the range of the considered grain size 
distributions and fall velocities for all sediment inflow groups (reservoirs and valleys) is 
shown in Table (4.1). The particles’ fall velocities were calculated based on the formula 
presented by Ponce (1989). The fraction of each size is dependent on the size of the 
sediment load distribution of the reflected block. As a sample of the fractions of the 
sediment sizes, the fractions of the measured sediment sizes for the main river flow (Block1) 
are shown in Table (4.1).  
 

                            Table 4.1: The considered sediment size range, fall velocity, and fractions 
                                                of the main river. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This model was validated based on the total load deposited in the reservoir during the 
simulation period from 1986 until May 2011; the time for the bathymetry survey was 
determined by Issa (2015). The assessed sediment load deposited in the relevant reservoir 
period was 1.14 km3 (Issa, 2015). The predicted trapped sediment load in the reservoir for 
the simulated period was 1.04 km3. This value indicates good model performance (about a 
9% error) for a long-term simulation. The main difference is due to neglecting the bed load 
particles greater than 0.45 mm, which was done to reduce the number of possible sizes of 
the considered particles in the simulation to eleven sizes (0.002–0.425) and to decrease the 
simulation’s computing time and required capacity. The considered maximum limit of the 
particle sizes is based on the maximum particle size carried by the sub-watersheds around 
the reservoir, which is 0.4 mm (Abdul-Baki, 2001).  The  d50 value of the main riverbed load 
particles is 12.4 mm (Issa, 2015).  
The second measured values used for model validation were the suspended load 
measurements at different depths in the reservoir near the intake at two different periods, 
as shown in Table (4.2). The percent bias PBIAS between the measured and simulated 
sediment concentrations was -3.6% (less than ± 10), indicating very good model 
performance (Pérez-Sánchez et al. 2019). Furthermore, the paired t-test value was 0.43 (less 
than the tabulated value (2) at a 0.05 probability level), indicating that there is no significant 
difference.  

No. Particle 
size (mm) 

Fall 
velocity 
(mm.s-1) 

Fraction 
(%) 

1 0.425 56.28 4.8 
2 0.15 13.46 2.0 
3 0.075 4.44 1.3 
4 0.057 2.56 2.1 
5 0.042 1.39 3.4 
6 0.029 0.67 5.1 
7 0.017 0.23 8.0 
8 0.012 0.12 5.7 
9 0.008 0.06 6.9 

10 0.005 0.03 24.7 
11 0.002 0.01 36.0 
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Due to the low flow’s ability to carry and transport large-size sediment because of a low 
average depth flow velocity (0.0015 m.s-1 to 0.017 m.s-1) near the intake, only the smallest 
of the four sizes (as shown in Table 4.2) among the eleven considered sediment grain sizes 
contributed significantly to the sediment concentration values in this zone of the reservoir.  
The deposited sediment particle size sample analysis in the trapping basin was also 
compared with simulated values after about 15 years of dam operation. The bed material 
particle sizes analysed in February 2001 (Abdul-Baki, 2001) and resultant simulated values 
by the SSIIM2 model are shown in Figure 4.3. The considered particle size distribution of the 
main river and sub-watersheds upstream of the station are also shown in the figure.  
 

                    Table 4.2: Measured and simulated sediment concentration at different points in the 
front of the intake. 

             *(Abdul-Baki, 2001) 
 
 
 
 
 
 
 
 

Point 
No. Location 

Simulated sediment 
concentration (g.m-3) for 
different particles sizes 

Total 
simulated 

conc. 

(g.m-3) 

*Measured 
conc. 

(g.m-3) 0.002 
(mm) 

0.005 

(mm) 

0.008 

(mm) 

0.012 

(mm) 

1 In front of the intake 
(surface) 12.00 0.32 0.012 0.0007 12.4 9.5 

2 In front of the intake (2m 
above the bed) 14.70 0.58 0.037 0.0024 15.4 17.0 

3 In front of the intake (near 
the bed) 17.30 0.92 0.078 0.0045 18.3 19.0 

4 In front of the intake (2m 
above the bed) 16.80 0.86 0.071 0.0040 17.8 13.0 

5 In front of the intake (2m 
below water surface) 15.20 0.64 0.043 0.0017 15.9 19.0 

6 In left side of the intake (2m 
above the bed) 15.40 0.68 0.048 0.0021 16.2 19.0 

7 At 50 m front of the intake 
(2m above the bed) 15.30 0.66 0.045 0.0020 16.0 20.0 

8 At 100 m front of the intake 
(2m above the bed) 15.00 0.62 0.040 0.0015 15.6 9.0 

9 At 150 m front of the intake 
(2m above the bed) 15.20 0.64 0.043 0.0018 15.9 13.0 
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As shown in Figure (4.3), the percentage of fine particles between 0.002 mm and 0.01 mm 
was higher than the percentage by the main river and seasonal tributaries. The value 
reached about 40% for the both measured and simulated distribution values. This is 
normally due to a reduction in flow velocity and sediment transport capacity at the intake 
location (about 20 km from the simulated reservoir inlet), which leads to transporting of 
fine particles to this reservoir zone. The higher percentage for the simulated values might 
be due to a combination error of assessment flow transport capacity of different particle 
size and fall velocity.   

 Model Sensitivity to Grid Size and Time  
When analyzing the uncertainties of numerical model results, a sensitivity analysis is one of 
the common methods to evaluate the effects of different model parameters.  The grid size 
and time-steps were the tested parameters in this study. Due to the large reservoir surface 
area and long simulation period, the water body in the horizontal direction was represented 
by a coarse grids size (100*25 cells and 600*250 m as average dimensions).  This size is 
justifiable due to the reservoir’s wide sections, and there was no significant difference in 
the bed profile based on the considered cell dimensions. However, for the most interesting 
area (neighboring the intake), fine cells are used (10 m*10 m) for the simulation and to 
obtain greater details for the different effective factors in this simulation. These coarse grids 
gave reasonable results compared to the measured values. Then, finer grids were created 
to test the model’s sensitivity to grid size. The dimensions of the fine grids are half those of 
the coarse cell size.  This multiplies the number of surface cells by four times (50*200 cells), 
and the computational time is dramatically increased. The fine grid simulation indicates that 
the difference in the bed profile reaches about 2% compared to the considered grid size. 
This insignificant difference agrees with a previous study by Agrawal (2005). Generally, in 
large storage volume reservoirs, the water level can be considered as a constant during a 
relatively short period of time (days or weeks). Furthermore, variations in the reservoir’s 
daily inflow and outflow during most periods (non-flood periods) are relatively minor. For 
this situation, long time-steps could be used (Olsen and Hillebrand, 2018); here,  an hour 
(3600 sec) time-step was used. To test the model’s sensitivity to these time-steps, and to 
check if the selected time-step is suitable for the studied situation, different time-steps 
were tested: one double the considered time-step (7200 sec) and two smaller time-steps 
(1800 and 900 sec).  Table 4.3 shows the percentage of variation in the deposited sediment 
load for different time-steps in the reservoir compared to the 3600 sec time-step as a 
reference time.   

Figure 4.3: Measured  and  simulated  particle  sizes analysed in   
February 2001 for trapping basin bed material. 



                                                                                                                                                                                
 

40 
 

Table 4.3: Percent of the deposited sediment load variation for different time-steps. 
 
 
 
 
The maximum variation for different time-steps was about 6%, which is considered 
relatively minor.  The main reason for this limited deviation is that a long-term simulation 
excludes the effects of different variations, which usually occur over short periods  (Zhang 
et al. 2017) . Moreover, the daily values of the inflow, outflow, and storage level stabilized 
the simulation throughout the applied time-steps.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Time steps (sec) 7200 3600 1800 900 
Deposited sediment  
changes %  -0.7     --   3.4  5.9 



                                                                                                                                                                                
 

41 
 

5 RESULTS AND DISCUSSION 

The SWAT model was applied to assess the daily runoff and sediment loads delivered to the 
outlets of the sub-watersheds around the Mosul Dam reservoir for the period 1986–2011 
(the period from the beginning of the dam operations until the date of the bathymetric 
survey in May 2011). The resulting accumulations of daily runoff volume and sediment load 
(as annual values) for the right side tributaries are shown in Figure 5.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results show that the average annual runoff yield from the right bank sub-watersheds 
was about 25 MCM, while the maximum and minimum values were 74 MCM and 0.3 MCM, 
respectively. The average annual runoff volume represents about 0.25% of the Tigris River’s 
flow, which is a minor value in comparison to the main river flow and the reservoir’s storage 
capacity. For the sediment load, the average annual load carried by the right bank’s sub-
watersheds was about 43*103 tons, while the maximum and minimum values were 172*103 
and 0.01*103 tons, respectively. This average annual load represents about 0.08% of the 
average annual load deposited in the reservoir during the considered period.  
For the left bank sub-watersheds, the summation of the total accumulated annual runoff 
volume and sediment load weight delivered to the outlets of the seven sub-watersheds are 
shown in Figure 5.2.  The average annual runoff volume for the studied period (1986–2011) 
was about 97 MCM, ranging between about 11 and 263 MCM as the minimum and 
maximum annual values, respectively. The average annual load carried was about  
703*103 tons, while the maximum and minimum values were 2130*103 and 43*103 tons, 
respectively. The average annual runoff represents about 1% of the Tigris River’s average 
annual flow, while the average annual sediment load delivered to the reservoir represents 
about 1.3% of the average annual sedimentation in the Mosul Dam Reservoir.  The average 
annual yield of runoff from the right bank watersheds was 42*103 m3.km-2, while that for 
the left bank was 78 *103 m3.km-2. This difference in the average annual values was due to 
the slope and topography effects. The left-side sub-watersheds have steeper slopes and 
high topographical variation. The slope is an effective parameter on surface flow that 
increases the flow velocity and reduces the soil infiltration rate due to a reduction in the 
time that the flow exists on the soil’s surface. Moreover, the average annual rainfall in the 
mountainous area (left bank) is higher than that of the relatively flat area of the right-side 

Runoff and Sediment Yield from the Sub-watersheds.  

Figure 5.1: Annual runoff and sediment load from the right-side  
sub-watersheds. 
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watersheds. The effective rain stations on the right-side bank watersheds are the Mosul 
Dam station and the Mosul Station, while among those on the left bank, Duhok station is 
the most effective. For Mosul Dam Station, the average annual rainfall depth for the 
considered period (1986–2011) was 335 mm, while that for Duhok Station was about  
540 mm.   
Furthermore, for the sediment load yield, the average annual sediment yield for the right-
side watersheds per unit area was 72 ton.km-2, and that for the left bank side was  
566 ton.km-2. This big difference between the two sides is due to several factors. The most 
effective factors are the watershed slope and land use. For the biggest sub-watershed on 
the right side, the average slope is 3.6%, while the biggest watershed on the left bank has a 
slope of 14.8%; this large difference (about four times) in ground slope increases the soil  
detachment, erosion, flow transport capacity, and total sediment yield. Also, for the land 
cover affect, a high 
  
 
 
 

 
 
 
 
 
 
 
 
 
 
percentage of the right bank watersheds feature plants with seasonal crops (wheat and 
barley), and some areas plants with vegetables, while the left bank watersheds are covered 
in natural plants, grass in addition to some areas that are planted with seasonal crops and 
vegetables, and the rest is bare soil.  The high percentage of bare soil and natural plant area 
increased the sediment yield significantly.  The resulting daily runoff and sediment yield for 
the sub-watersheds were used as input data for the reservoir simulation models.  
Generally, regular sediment load measurements  at a certain river station can provide data 
that could be used to develop a suspended sediment load rating curve  (Annandale et al. 
2016).  The sediment load rating curve created in this study, based on the historical 
measured data of the Tusan station upstream of the Mosul Dam, was applied to assess the 
sediment load carried by the main river (the Tigris River) and delivered to Mosul Dam’s 
Reservoir during the study period (1986–2011).  The average annual sediment load carried 
by the Tigris River at the Mosul Dam inlet was about 60*106 tons.  
As the assessment of the sediment load carried by the Tigris River was based on the 
developed rating curve, and the assessment of the sub-watersheds yields was based on an 
application of the SWAT model, a verification of the predicted sediment loads is required to 
provide more details about sediment transport and distribution in the reservoir. The 
estimation of the sediment load of a river is difficult due to the complexity of sediment 
transportation and the way it is affected by different factors. For the same river, the load 

Figure 5.2: Annual runoff and sediment load from the left-side  
sub- watersheds. 
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varied according to seasonal flow, with possibly  high concentrations at the beginning of 
seasonal rain and less concentrations during the season (Mathur et al., 2019). To overcome 
this uncertainty and determine the total amount of sediment yield delivered and deposited 
in the reservoir during the study period, the Hydrological Engineering Center River Analysis 
System (HEC-RAS) was applied. 

To study the velocity distribution in the upper part of the studied area (the Mosul Dam 
reservoir) and near the pumping station, the HEC-RAS 2-D model was applied. The area was 
divided into two main parts.  The first part extends for 24 km, from the simulated reservoir 
inlet extends to about 4.0 km downstream of the pumping station; the rest of the reservoir 
comprises the second part. The upstream (first) part was simulated as a 2-D zone, and the 
rest of the area was simulated as a 1-D zone. The main improvement of this hybrid 
simulation model is the reduction in the number of cells from 37,500 to about 6,600 cells 
(100-m2 cells) and a correspondingly lower computing time. This study focuses on the upper 
zone near the pumping station. The simulation reveals that the depth-averaged flow 
velocity in the upper part of the reservoir was between 2.40 m.s-1 and 0.25 m.s-1 in the 
narrow river sections and between 0.06 m.s-1 and 0.007 m.s-1 near the reservoir expansion 
sections during the 25 years of simulation. This variation depends on the inflow rate and 
the reservoir’s storage level. Figure 5.3 shows the depth-averaged velocity distribution in 
the 2-D zone when the inflow rate is 560 m3.s-1 and an operational level of 330 m.a.s.l. The 
velocity distribution indicates that the highest velocity is found in the upper part of the 2-D 
area and reached maximum values of about 0.6 m.s-1. Then, the velocity starts to decrease 
gradually 12 km from the simulated inlet before reaching a relatively constant velocity of 
0.01 m.s-1 at 15 km from the simulated inlet.  Knowledge of the velocity distribution pattern 
is important to understanding how this pattern affects the stream power, as well as the 
transport and deposition of the sediment load.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Velocity Distribution and the Effects of Pumping  

Figure 5.3: (a) Velocity  distribution in the  upper part   (two-dimensional zone),  
                    (b) Velocity distribution near the intake of the pumping station of the 

Mosul Dam Reservoir. 

(a) (b) 
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The operation of the pumping station affects the flow depth-averaged velocity distribution 
near its location, although this affect does not appear clearly in Figure 5.3(a). This operation 
affects the flow velocity due to flow withdrawal. The shape of the depth-averaged velocity 
distribution near the intake looks like a semi-circle that is attached to the intake.  
Figure 5.3(b) shows the contour lines of the depth-averaged velocity near the pumping 
intake at a pumping rate of 50% of the maximum capacity and an operational level of  
315 m.a.s.l. The figure shows pumping changes the velocity, the extent of the affected area, 
and the velocity distribution in the reservoir.  
To examine the effect of the pumping rate and storage levels on the depth-averaged flow 
velocity, the effective radius, and the stream power, different plans for pumping plant 
operations were considered. Generally, the relationship between flow area (depth) and 
flow velocity for a certain flow rate is inverted. However, the variation of this relationship 
at different flow depths was considered in this study for different pumping rates.  
Figure (5.4) shows the flow velocity variation at 100%, 75%, 50%, and 25% of the maximum 
pumping rate and at different flow depth reduction (25 m range).  The depth-averaged 
velocity at a 100% pumping rate varied from 0.25 m.s-1 to 1.12 m.s-1, while that at a 25% 
pumping rate varied from 0.056 m.s-1 to 0.34 m.s-1 due to a 25 m reduction in flow depth. 
This figure shows that the flow depth (area) affected the flow velocity considerably. It can 
be seen that at the first 10 m reduction, the relative increase in the depth-averaged flow 
velocity varied between 0.8 and 1.1 for the 100% and 25% pumping rates, respectively, 
while for the remainder, a 15 m reduction in flow depth led to a relative increase in the flow 
velocity up to 2.6 and 4.0 at 100% and 25% pumping rates, respectively, compared to the 
velocity at maximum depth. This indicates that flow depth affects at different values the 
depth-averaged flow velocity and, consequently, transport capacity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
The effects of the pumping rate and flow area (depth) on the effective radius were also 
studied based on the numerical model (Figure 5.5). The effective radius was evaluated 
based on the reference flow velocity near the pumping zone when the pumping plant is not 
operating. During pumping, the effective radius is the distance from the intake to a point 
where the depth-average velocity in the reservoir is equal to the reference depth-averaged 
velocity. Figure (5.5) shows that the effective radius increased up to 0.4 as a relative 
increase due to a 25 m reduction in the storage level (flow depth) for different pumping 
capacities. Based on the continuity equation, the depth-averaged velocity should be greater 
to achieve the same flow rate with a reduced flow area, and the extent of the contribution 
area should be increased to satisfy the flow rate.  

Figure 5.4: Velocity  variation  with  flow  depth  for  different 
pumping rates. 

l h fl d h f d ff
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The most important factor that reflects the effect of flow velocity on sediment 
detachment and transport capacity is stream power. The flow depth (flow area) and 
pumping rate’s effects on stream power are shown in Figure (5.6). It is clear from 
the numerical model results that a reduction in storage level (flow depth) caused an 
increase in the flow stream power by 70 to 400 times due to a decrease in the flow 
area and an increasing depth-averaged flow velocity for the same flow rate. In 
addition, for different considered pumping rates, a 10 m reduction in flow depth 
from 30 to 20 m has a minor effect on the stream power’s values; for the rest, under 
a 20 m flow depth, the stream power increased significantly, especially for a high 
flow rate.  These graphs illustrate how the flow depth affects the stream power and 
ability of the flow to detach and transport the sediment toward the intake. 
Therefore, the indirect effect of flow depth on flow stream power should be 
considered in order to reduce the amount of sediment movement and accumulation 
near the intake.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5: Effective radius variation with flow depth for different 
pumping rates. 

Figure 5.6: Stream power variation with flow depth for different 
pumping rates. 
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As this value is not controlled to reduce the sediment transport, because it depends on the 
reservoir storage level and other factors affecting it (such as inflow and different demands), 
the operational schedule should consider the importance of lowering the pumping rate and 
increasing the pumping time in low storage level conditions.   

 HEC-RAS 1D Model 
The HEC-RAS, a 1-D sediment model, was applied to simulate sediment detachment, 
transport, and deposition in the reservoir.  For sediment transport capacity, three suitable 
sediment transport equations (Ackers–White, Laursen, and Toffaleti) and three approaches 
for assessing particle fall velocity (Ruby, Toffaleti, and van Rijin) were selected.  
A combination of nine scenarios was achieved.  The average bed level after 25 simulated 
years of flow and sediment load transport was the parameter used to evaluate each 
scenario.  Each scenario’s results were evaluated based on the determination coefficient, 
the Nash–Sutcliffe model efficiency coefficient, and t-test values, as shown in Table 5.1.   
 

                     Table 5.1: Values of the statistical criteria used to evaluate the different simulation         
scenarios. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results of the statistical criteria shown in Table 5.1 indicate that all the scenarios gave 
acceptable values compared to the measured average bed levels of the sections. The 
determination coefficients ranged between 0.80 and 0.84, and the Nash–Sutcliffe model 
efficiency was between 79% and 83%. The t-test values ranged from -0.672 to 0.46, and the 
tabulated value is 0.65 at a significance level of 0.05, so the absolute values indicate that 
only scenarios 7 and 9 have a significant difference compared to the measured values.  
As a final conclusion, based on all the criteria, scenarios 2 and 5 are considered the best.  
However, this long simulation period (25 years) and wide variation of inflow rate (between 
60 m3.s-1 and 3250 m3.s-1) may also have produced minor differences between the 
scenarios. 
The analysis of sediment accumulation along the reservoir at five year intervals is shown in 
Figure (5.7). This analysis indicates that about 81% of the total deposited sediment was 
trapped in the first five years of operations (1986–1991). Several factors contributed to this 
high percentage, including the relatively high flow rate of the Tigris River during the period 

Sediment Deposition in the Mosul Dam Reservoir 

Scenario 
no. 

Simulation 
method 

 
Fall 
velocity 
approach 

 
Determination 
coefficient (r2) 

 
Nash–
Sutcliffe 
model 
efficiency 

 
t-test 
value Transport 

capacity 
function 

1 
Ackers-
White 

Ruby 0.80 0.79 -0.514 
2 Toffaleti 0.82 0.81 0.462 
3 van Rijin 0.80 0.80 -0.445 
4 

Laursen 
Ruby 0.81 0.81 -0.466 

5 Toffaleti 0.84 0.83 0.481 
6 van Rijin 0.81 0.80 -0.467 
7 

Toffaleti 
Ruby 0.82 0.79 -0.672 

8 Toffaleti 0.81 0.8 -0.099 
9 van Rijin 0.80 0.79 -0.672 
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(Figure 3.2). Moreover, the sub-watersheds’ runoff and sediment load yields are relatively 
high during the mentioned period compared to the rest of the years. Furthermore, in the 
early years of the dam’s operations, due to its high storage capacity, the reservoir’s trap 
efficiency was high, ensuring most of the load settled in the reservoir. Subsequently, the 
deposition rate decreased with operational time until 2011. Figure (5.7) shows that, at each 
time interval, about 50% of the deposited sediment load  was located within the first third 
of the reservoir length (in the direction of the flow). This is due to the reduction of the flow 
velocity at the reservoir inlet and the coarse sediment being deposited, gradually followed 
by finer sediment towards the dam axis.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
The initial longitudinally inverted bed level (1986), the measured and simulated inverted 
bed level for scenario 5 are shown in Figure 5.8. This figure indicates that most of the 
sediment was deposited in the first upper third near the reservoir inlet (about 20 km from 
the simulated  inlet), with the highest deposition depth within the first 10 km at the zone of 
the flow section expansion causing a sudden reduction of the flow velocity and sediment 
transport capacity.  The relatively largest difference between the measured and simulated 
inverted levels was found in the zone at a distance of 45 km to 55 km from the reservoir 
inlet. These high values of measured sediment depths at the mentioned zone are due to 
slipping of the reservoir banks’ sides.  
 The determination coefficient, Nash–Sutcliffe model efficiency, and t-test values were used 
as statistical criteria to evaluate the model’s performance (scenario 5) and had values of 
0.93, 0.91, and 2.78 (less than the tabulated value), respectively. These criteria all indicate 
that the model’s performance is acceptable in estimating the inverted bed level.  

Figure 5.7: Sediment accumulation within the Mosul Dam reservoir 
over time (1986–2011) 
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 SSIIM2 3-D Model 
The existing water withdrawn by the pumping station combines the flow regime.   A 3-D 
model like SSIIM2 is essential to simulate flow and sediment transport in this case. After 
model validation, to evaluate the model’s results, four sections at different locations along 
the reservoir were selected. These locations are as follows: 1) the upper third of the 
reservoir, 2) near the pumping station, 3) downstream from the pumping station, and 4) 
upstream from the dam axis, at a distance of about 55.5 km, 51.0 km, 42.0 km, and 6.5 km 
upstream from the dam axis, respectively. The resulting bed geometry after 25 years of dam 
operation for both the 1-D (HEC-RAS) model and the 3-D (SSIIM2) model were used to 
evaluate the models’ performance. Figures 5.9–5.12 show the initial bed levels, the 
surveyed by Issa, (2015) and the simulated bed levels. In the first upper section (Figure 5.9), 
the average settled sediment depths across the sections based on the bathymetry survey in 
2011 are about 10.5 m, while the simulated values of the HEC-RAS and SSIIM2 models are 
12.1 m and 9.7 m, respectively. This difference represents about 15.2% and -7.6% of the 
measured values for both models, respectively. In this section, based on the statistical 
criteria (Table 5.2), the HEC-RAS model’s performance is shown to be better than that of 
the SSIIM2 model, which is attributed to neglecting the coarse sediments in the SSIIM2 
model simulation. Usually, coarse sediments are deposited in the upper parts of reservoirs 
when velocity reduces, gradually leading to a reduction in the sediment transport capacity 
of the flow. This section shows that the bathymetry surveys, and simulated bed formations 
for both models are near the original bed level formations; only the different deposited 
sediment depths have been added.  

Figure 5.8: Inverted bed level along the reservoir, initial (1986), measured 
(2011), and simulated HEC-RAS (2011). 
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                  Table 5.2: Measured and simulated average sediment depths in the four selected sections. 

*Based on Issa, (2015) measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the second considered section (Figure 5.10), the average measured settled sediment 
across the section reached about 4.9 m, while the simulated values of the HEC-RAS and 
SSIIM2 models are 6.8 m and 4.7 m, respectively.  The SSIIM2 model assessment in this 
section is better than that for the HEC-RAS model (a lower t value, Table 5.2).  The reduction 
in the fraction of the coarse sediment in this zone may be due to sediment deposition 
upstream, which is not considered in the SSIIM2 model and might have improved its 
performance.  Although the difference between these values is no more than 4% for the 
SSIIM2 model, the main difference is the distribution of the deposited sediment near the 
left bank. The bathymetry survey shows a slope-side slip near this bank due to the relatively 
sharp side slope of 8.3%. The main difference between the measured and simulated bed 
formation may be due to the slope stability of the reservoir banks, which was not 
considered in the simulation model.  
In the third section (Figure 5.11), the accumulated average settled sediments across the 
sections were 4.5 m for the bathymetry survey, while the simulated values of the HEC-RAS 
and SSIIM2 models were 2.0 m and 4.4 m, respectively. The performance of the considered 
3-D model is much better than that of the 1-D model (Table 5.2). Furthermore, the 
differences in sediment deposition formation are mostly within 1000 m to 1800 m from the 
left bank due to the bank-side slip and soil accumulation near the section bed. 
 

Section 
No. 

Section 
location 
upstream 
the dam 
axis (km) 

Average 
measured 
sediment 
depth * 
(m) 

HEC-RAS SSIIM2 Tabulated 
t value Simulated   

sediment 
depth
(m) 

t-test 
value 

Simulated 
sediment 
depth 
(m) 

t-test 
value 

1 55.5 10.5 12.1 0.69 9.7 1.41 53.4 
2 51.1 4.9 6.8 4.11 4.7 0.38 52.8 
3 41.9 4.5 2.0 4.46 4.4 0.56 44 
4 6.5 5.4 0.3 5.78 1.1 2.11 6.6 

Figure 5.9: Measured and simulated (HEC-RAS and SSIIM2 Models) 
bed levels (section 1). 
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 The final considered section is shown in Figure 5.12, located about 6.5 km upstream of the 
dam axis. It is apparent in the figure that the measured deposited sediment is non uniform 
with the flow path and sediment load concentration distribution. This non-uniformity is 
mainly attributed to the instability of the bank’s slope, which leads to an accumulation of 
the slip soil near the relatively flat part of the section, as shown in Figures 5.10, 5.11, and 
5.12. The average accumulation of the sediment across this section is 5.4 m for the 
bathymetry survey, while the simulated values assessed by the HEC-RAS and SSIIM2 models 
are only 0.3 m and 1.1 m, respectively. The average measured sediment deposition depth 
is unusual in this section. Typically, the average sediment deposition reduces with the flow 
distance in the storage reservoirs. This is attributed to a reduction in the deposited 
sediment depth with a flow velocity reduction along the flow path. Due to this expected 
local slip soil, which is not considered in the model, the deposited sediment depth in the 
nearest considered section to dam axis is higher than expected. This relatively high 
deposition depth in the reservoir section near the dam axis suggests that this change in bed 

Figure 5.10: Measured and simulated (HEC-RAS and SSIIM2 Models) 
bed levels (section 2). 

Figure 5.11: Measured and simulated (HEC-RAS and SSIIM2 Models) 
bed levels (section 3). 
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formation is due to the side bank’s slip and not only due to sediment deposition. This 
analysis may corroborate the studies  of Al-Taiee et al. (1990) and Al-Ansari and Rimawi 
(1997), which mentioned that about 3500 m3 of the left bank soil of the Mosul Dam 
Reservoir was eroded during the flood wave of 1988, and the right band river section is 
characterized by a steep slope.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

This study focuses on the sustainability of intake structures in reservoirs by reducing the 
effect of sedimentation.  In this situation, due to the complexity of flow conditions and 
hydraulic boundaries, a total 3-D model is essential and is considered more suitable than 
1D or 2D models. A 3-D model can simulate reservoir flow (Haun et al. 2013), especially in 
the studied situation, which focuses on examining the hydraulic structure (intake) and the 
different structures that produce secondary flow currents. As this study focuses on the 
sediment load distribution near the intakes and the effect of different parameters on its 
performance,  the measured depths of sediment deposited at the selected points in front 
of the intake (in the  trapping basin)  were compared with the values simulated by the 
SSIIM2 model for model validation.  Figure 5.13a shows the geometry of the sediment 
trapping basin at the beginning of the dam operation in 1986, while Figure 5.13b shows the 
measured basin level in February 2001  (Abdul-Baki, 2001), and Figure 5.13c shows the 
simulated values in February 2001.  
At the inlet of the sediment trapping basin, the measured deposited sediment depth ranged 
between  3.4 m and 4.4 m (Abdul-Baki, 2001), while the average value for the considered 
area that extended around the basin (21540 m2) (Figure 5.13,b) was 5.2 m. Compared to 
the values simulated by the SSIIM2 model, the sediment depth deposition at the intake 
ranged from 3.1 m to 4.9 m, while the average value for the whole  area was 4.5 m. The 
measurements of sediment depth at different points in the trapping basin were compared 
with the simulated values. The results indicate that the PBIAS is 3.6% (less than 10%) 
between the measured and observed values, while the t-test value is 1.41—less than the 
critical tabulated values (1.99) at a 0.05 probability level. These results indicate that there 
is no significant difference between the observed and simulated values. The deposited 
sediment volumes for the period 1986–2001 in the considered area, shown in Figures 5.13, 
b, and c, are 0.111 MCM and 0.096 MCM for the observed and simulated values, 
respectively.  

Simulation of Sediment Deposition Near the Intake Using the SSIIM Model 

Figure 5.12: Measured and simulated (HEC-RAS and SSIIM2 Models)     
bed levels (section 4). 
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                   (a) 
 
 
 
 
 
 
 
 
 
 
 
                   (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    (c) 
 
 
 
 
 

Figure 5.13: (a) Geometry, elevation, and inlet location of the simulated sediment trap basin 
of the Mosul Dam pumping station, 1986, (b): Measured sediment elevations in
the sediment trap basin in Feb. 2001   (Abdul-Baki, 2001), (c): Simulated 
sediment elevations in the sediment trap basin in Feb. 2001 (SSIIM2). 
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All the considered strategies to control sediment and sustain the operational intake 
efficiency in this study were evaluated based on the observed data of the trapping basin in 
Feb. 2001, as obtained by Abdul-Baki, (2001).  

 Sediment Management by Pumping Time Scheduling 
One of the studied factors for the sustainability of the pumping station is the management 
and control of the sediment effect by scheduling the time of pumping operations. The Idea 
is to discard the days featuring high sediment loads carried by flows caused by floods (high 
discharge) and/or intensive rainfall. On these days, the sediment concentration is usually 
high, meaning that the operation of the pumping station leads to withdrawn water carrying 
a high sediment load entering the conduits and pumps, thereby causing partial clogging and 
reducing the flow area and pumping efficiency. Furthermore, the carried sediment causes 
corrosion of the pump’s equipment.  Usually, in arid and semiarid regions, when the rainfall 
season  starts in the fall (the beginning of the water year), the river’s flow rate and the 
sediment load in the fall and winter are much higher than those in spring. During this period 
(fall and winter), which is considered to be a wet period, the different water demands are 
less than those in summer (dry season). This provides a flexible water supply period for 
plants.  As the studied station’s function is to supply supplementary irrigation water, the 
irrigation interval could be increased during wet seasons. Additionally, on rainy and flooded 
days, there is no need for irrigation, so this strategy could be applied successfully without 
negative effects on project productivity.  By applying this strategy, a reduction of about 13% 
in the sediment amount withdrawn to the intake was achieved, in comparison with the 
normal operational flow rate.  The estimated average annual sediment load that enters the 
station, in its current state, is about 0.24*105 tons. This strategy affects the sediment 
withdrawn to the station, while the deposited sediment in the trapping basin is affected 
slightly.   

 Sediment Management by Pumping Rate Control 
The applied strategy is based on an analysis of the pumping rate and its effect on the flow 
velocity, shear stress, and sediment transport capacity near the pumping station area.  To 
evaluate the effects of the pumping rate  on the sediment load drawn to the intake and the 
amount of the load deposited into the trapping basin, four pumping rate capacities—25%, 
50%, 75%, and 100%—were evaluated. The results are summarized in Table 5.3. The 
percentage of variations in the drawn sediment were considered based on the obtained 
values for a 25% pumping rate as a reference, while the deposited loads in the basin were 
compared to a case with no pumping. Furthermore, in all cases, the drawn volume of water 
is the same (by controlling the pumping period); the difference lies only in the pumping rate 
and the total pumping period.  

                                  Table 5.3: The variation in the sediment drawn to the intake and the deposited    
sediment load in the trapping basin. 

No. Pumping 
rate% 

Increase in drawn 
sediment to the 

intake% 

variation in deposited 
load in the trapping basin% 

1 25 --- 0.05 
2 50 9.5 1.8 
3 75 13.0 3.3 
4 100 15.6 -3.1 

 

Evaluation of Verified Strategies for the sustainability of the station  



                                                                                                                                                                                
 

54 
 

Based on the results of this strategy, the pumping rate has a significant effect on the 
sediment withdrawn to the intake, followed by the conduits and suction pipes. The variation 
in this rate reaches about 16%, while the variation in the deposited amounts in the trapping 
basin for different pumping rates does not exceed approximately ±3.0%.  The relatively high 
percentage of variation in the withdrawn sediment is due to an increase in the sediment 
transport capacity caused by the influence of the pumping rate and flow velocity variation. 
As the flow velocity toward the intake inlet increases by increasing the pumping rate, the 
flow transport capacity increases. Then, most of the carried and attached loads do not have 
the ability to settle again, and they enter the intake. This clarifies the relatively low variation 
in the deposited sediment in the trapping basin (not greater than about 3%).  However, 
under a high pumping rate (a max. capacity of 100%), the deposited amount in the basin 
reduced by 3.1%. This means that the transport capacity is high enough near the inlet to 
detach an additional load from the trapping basin and carry it inside. Thus, a high pumping 
rate (an average depth flow velocity > 0.6 m.s-1) should be excluded to reduce the amount 
of sediment drawn into the inside of the station; we should also exclude a high flow velocity 
(about 1m.s-1) to prevent the detachment of further sediment from nearby areas.  

 Sediment Control Carried by Sub-watersheds Upstream from the Intake 
For big reservoirs, the sources of sediment load are normally the main river’s watershed 
and the contribution of the surrounding sub-watersheds. The intensity of the effect of sub-
watersheds varies depending on their areas, as well as in other effective parameters; their 
topography, soil properties, and land cover/use. In the studied area, three sub-watersheds 
are located upstream from the pumping station intake.  An attempt to evaluate the effects 
of the sediment load carried by the runoff of these sub-watersheds on the loads reaching 
the intake was undertaken.  Sediment concentration analyses of a section located 2 km 
downstream from the main sub-watershed on the right side (Sweedy Valley) after a rainy 
and a non-rainy days are shown in Figure 5.14a and Figure 5.14b, respectively.  On the rainy 
day, the flow and carried sediment yielded from the sub-watershed increased their 
concentrations (as a volume fraction) in the reservoir near the valley’s outlet to a higher 
value than the maximum main reservoir concentration.  This increase in the concentration 
(for particles size of 0.002mm as a sample) occurred in a limited zone of the section (Figure 
5.14 a), while the concentrations at the same zone on the non-rainy day (Figure 5.14b) were 
much lower. This indicates that the sub-watersheds have a significant effect on sediment 
concentrations near the valley’s outlet.  Furthermore, this increase occurs only after an 
effective rainfall depth (more than 10 mm). During most days of the year (non-rainy days), 
the highest sediment concentration is near the mean stream flow (thalweg), which is far 
from the banks (Figure 5.14 b).   
The strategy of constructing check dams or any control structure upstream from the sub-
watersheds’ outlets to store temporary runoff for sediment settling was employed to study 
the relevant effects. The results indicate that the sub-watershed has a temporarily 
significant influence on the sediment load in the reservoir. This sub-watershed affect is 
limited to two–four days after each effective rainstorm. Although the river load varies 
throughout the year, it persists and is the most effective.  The reduction in the deposited 
sediment in the trapping basin (about 4%) is due to applying this strategy on the main 
upstream watershed, and the reduction in the withdrawn load was about 3%. The other 
sub-watersheds did not show a more significant effect. Although these percentages are not 
very high, they indicate that most of these sub-watersheds’ loads were transported and 
deposited near the bank. The contributions of all the sub-watersheds’ loads comprised 
about 0.08% of the total deposited load in the reservoir.  
 
 
 



                                                                                                                                                                                
 

55 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Sediment control by constructing an earth dike upstream from the intake.  
Earth Dikes are compacted soil used to control the flow and/or sediment for different 
purposes in watersheds, rivers, and reservoirs. The main advantage of earth dikes are their 
practical and cheap construction,  as onsite materials are usually used to produce  them 
(Gladstone et al. 2020). The function of the proposed dike is to divert the flow direction 
away from the sediment trapping basin and intakes that might reduce the deposited 
sediment and the load that enters the intake.  The idea is to help prevent direct flow to the 
trapping basin and reduce the flow velocity upstream from the study area, leading to a 
reduction in the flow transport capacity so that the part of the load in this zone will be 
deposited upstream from the dike. The proposed dike elevation is located at a normal 
operational level (330 m.a.s.l) and extends about 220 m in length from the intake’s inlet 
(the elevation and dimensions were selected based on existing dikes to ensure the ability of 
safe construction in this area). The existing downstream dike was also removed to prevent 
flow velocity reduction in front of the intake.  Figure 5.15, a and b, shows the flow direction 
arrows for the current state (a) there are curved upstream dikes and another dike 
downstream and (b) the proposed dike upstream from the intake. Figure 5.15a shows how 
the flow current with sediment load moves directly towards the intake, and the dike 
downstream from the intake inlet has a negative effect. This effect causes a reduction in 
the flow velocity and flow transport capacity in the streamwise direction, followed by the 
deposition of more sediment in the trapping basin.  However, the proposed strategy, after 
using a longer earth dike upstream from the intake and removing the  downstream dike, 
the dike faces the flow, thereby causing a reduction in velocity and transport capacity 
before reaching the trapping basin.  
 

Figure 5.14: Sediment  concentration   (volume fraction) for particles size  of 0.002mm  
along the section downstream from Sweedy Valley, (a) Rainy day, (b) Non- 
rainy day. 
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These flow regimes (for the current and proposed dikes) were replicated with the sediment 
concentration distribution in both cases. For the existing state (Figure 516 a), the long 
downstream dike helps to reduce the sediment concentration downstream from the intake 
inlet, while the concentration has a high value upstream and in front of the intake. This 
shows that the dike has a negative effect on sediment concentration and deposition in the 
intake.  However, for the proposed dike (Figure 5.16 b), the minimum value of sediments 
concentration is in the intake and near the inlet, with the maximum value just upstream 
from the dike. This helps to deposit most of the sediment load upstream from the dike 
before reaching the flow intake.  
For the deposited sediment load in the trapping basin, this strategy caused a reduction in 
the deposited load by about 47% compared to the current state (Figure 5.16 a).  The 
proposed dike also affected the sediment load drawn into the intakes and conduits, which 
were evaluated for their different pumping capacities.  Table 5.4 shows the percentage of 
the reduction in the withdrawn sediment load to the intake when applying the propped dike 
compared to the same state of the existing dike for the considered pumping rates.   
 
 
 

Figure 5.15 : (a): Flow velocity arrows for the existing  state  of the intake and dikes   
on both  sides of   the  trapping  basin (Qpump 25% of the max. capacity), 
 (b): The flow velocity  arrows for the proposed  upstream  dike  (Qpump  
25% of the max. capacity). 
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                                                Table 5.4: Percent of the reduction in the withdrawn load 
                                                                   under different pumping rates. 

 
 
 
 
 
 
 
                               
 

No. Pumping 
rate% 

Reduction in 
withdrawn sediment 

to the intake% 
1 25 42 
2 50 35 
3 75 30 
4 100 28 

Figure 5.16: Sediment concentration near the trapping basin zone, (a) Existing 
earth dikes, (b) Proposed earth dike. 

Sediment concentration (particles size 0.002mm) (volume fraction) 

Sediment concentration (particles size 0.002mm) (volume fraction)
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The results in Table (5.4) show that; in the case of a low pumping rate (25% of the maximum 
capacity), the highest reduction in the withdrawn sediment load obtained was (42%). This 
reduction was reduced by increasing the pumping rate.  The minimum value (28%) was 
observed at the maximum pumping rate. Meanwhile, each value of the reduction was 
evaluated compared to the same situation of the flow (pumping rate) for the existing case. 
However, the effect of velocity and transport capacity was the same and cannot be 
considered to be the reason for this reduction. Based on the pumping rate’s effects  on the 
effective radius  (Figure  5.5), the increase in the pumping rate helps to withdraw water 
from longer distances than the dike zone (the high sediment concentration area), which 
clarifies why the dike has a strong effect under a low rate of pumping compared to a high 
rate of pumping. The existing proposed dike reduces the load in the area downstream near 
the trapping basin and in front of the intake.  
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6 CONCLUSIONS AND RECOMMENDATIONS 
There is no strategy that can be used to prevent the negative effects of sediment on 
different hydraulic structures. However, different techniques can be applied to control and 
reduce its effects to sustain these structures’ abilities to work efficiently and with minimum 
maintenance and funds. The best strategy depends on the situation at hand and the effects 
of different factors.  The following conclusions are drawn from this study: 
 

1. The pumping rate and flow depth have a significant effect on the sediment 
entering the structure, while their effects are limited on the sediment deposition 
in front of the inlet. This is attributed to the increase in the pumping rate and/or 
the reduction of the flow depth, which leads to an increase in the flow velocity 
and its ability to transport the load towards the intake, thereby reducing its 
chance of deposition. 

 
2. The management of the sediment in the watersheds and sub-watersheds has a 

varied effect. This effect depends on the nature of the watershed and it is 
contribution percentage to the load delivered to the studied structures.   

 
3. Selecting the correct position and geometry for earth dikes can efficiently affect 

the sediment deposition in front of and inside the relevant hydraulic structures. 
However, this effect varies with flow rate, where high flow rates reduce the dike’s 
ability to control sediment.  

 
 There is no strategy that could prevent the negative effects of sediment on hydraulic 

structure operation. Different strategies can relatively control the amount and/or 
orientation of sediment movement and sustain the structure life with the help of 
monitoring systems. Fund for scheduled monitoring of the sediment effects is 
essential to achieve the cost-benefit analysis of the project. 
 

 Selection of the suitable operation time and flow rate can help significantly on 
sediment amounts flows into the intakes and pumping stations, but for trapping 
basins, the dragging is necessary with any applied strategy to control sediment 
effects and sustain the structures. 
 

 For future applications of studies related to the flow and sedimentation problem, 
more detailed measured data are required to help avoid uncertainties in the 
numerical model inputs and outputs. 
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