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Abstract 

Scour around hydraulic structures is one of critical problems in hydraulic 

engineering: under prediction of scour depths can lead to costly failures in the 

structure, while over prediction can result in unnecessary construction costs. 

Unfortunately, up-to-date empirical scour prediction methods and equations 

based on laboratory data are not always accurate enough and able to reproduce 

field conditions. Because of physical scales and fluid properties, lab-scale models 

should be derived from field conditions according to the Hydraulic Similitude 

Laws. However, unlike physical models, computational fluid dynamics (CFD) 

tools can perform using real field dimensions and operating conditions to predict 

turbulent flows and sediment scour. 

Since the completion of the Four Major Rivers Restoration Project, several new 

weirs have been installed in the main Korean streams, sediment deposition and 

erosion around such structures have became a major issue in such rivers. 

This study is to modify and apply an open source CFD software package, the 

TELEMAC, to simulate sediment transport and bed morphology around 

Gangjeong weir in Nakdong River. The real bathymetry of the river and the 

geometry of weir have been implemented in the numerical model. Numerical 

results have been validated against available field observations and empirical 

formulas from literature to predict maximum eroded depths of scour near 

hydraulic structures. 
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The highest change in bed morphology occurs when the gates are fully opened 

during flooding. A scour hole is formed behind the weir gates.A reasonably good 

agreement has been observed between the simulated result and the measured 

river bathymetry after construction of the weir. The mechanism of formation of 

the scour hole qualitatively follows Hoffmans' theory, where a strong erosion of 

the vertical direction is followed by the longitudinal propagation of the hole to 

the downstream, as well as the amount of eroded sediment decreases reaching to 

an equilibrium situation. 

Keywords: Sediment transport, erosion, scour, multipurpose weir, hydraulic 

structure.  

Student Number: 2012-23967 
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Chapter 1. Introduction 

1.1 Background & necessity of research 

Scour around hydraulic structures is one of critical problems in hydraulic 

engineering. Under prediction of scour depths can lead to costly failures in the 

structure, while over prediction can result in unnecessary construction costs. 

Unfortunately, up-to-date empirical scour methods and equations based on 

laboratory data are not always able to reproduce field conditions. Because of 

physical scales, fluid properties and boundary conditions in lab-scale models 

should be derived from a large-scale prototype according to the Hydraulic 

Similitude Laws. However, unlike physical models, computational fluid dynamics 

(CFD) tools can perform using real field dimensions and operating conditions to 

predict turbulent flows and sediment scour.  

   During the Four Major Rivers Restoration Project, several new weirs have 

been installed in the Han River, Nakdong River, Geum River and Yeongsan 

River. As a result, sediment deposition and erosion around such structures have 

become a major issue in such rivers in  Korea. 

   This study applies an open source CFD software package, the TELEMAC, to 

simulate sediment transport and bed morphology around Gangjeong weir, which 

is the largest multipurpose weir built in Nakdong River during the Four Major 

Rivers Restoration Project.  
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1.2 Description of scour phenomena  

Scour is the removal of sediment around hydraulic structures. This phenomena is 

the erosion of the riverbed level such that there is an exposition of the 

foundations of the structure. Scour is the result of the action of flow, excavating 

and carrying away material from the river bed and banks and from dikes, weirs, 

dykes of bridge piers than can be found in most of river streams. 

Many authors, such as Richardson et al. (1993), pointed out that  scour around 

hydraulic structures, such as bridge piers, can result in the collapse of the 

structure and loss of life and property. The amount of this reduction below an 

assumed natural level is defined scour depth.  

 

Figure 1: Flow Around a Circular pier in a Scour Hole, Richardson et al. (1993). 

Local scour involves the removal of bed material around a structure located in 

moving water. Scour appears as a result of flow field changes due to the presence 

of a structure. It is caused by the three-dimensional turbulent flow around the 

construction, by an acceleration of flow and resulting vortices induced by 

obstructions to the flow. It is characterized by the formation of scour holes 

around the structure foundations. Local scour can occur as either clear-water 

scour or live-bed scour. Clear-water scour refers to the situation where no 

sediment is supplied from upstream into the scour zone. Live-bed scour, on the 
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other hand, refers to the situation where sediment is continuously being supplied 

to the areas subjected to scour. 

Besides, general scour is the general decrease in the elevation of the riverbed. It 

occurs independently of the existence or not of an hydraulic structure.  

Total scour refers to the total depth of scour around a particular structure 

foundation. Total scour is obtained as the summation of general scour and local 

scour. 

1.3 Interest and importance of local scour 

The threat of local scour around hydraulic structures has been known for many 

years. For example, according to Richardson et al. (1993), the local scour around 

bridge piers is one of the most common causes of bridge failures. It is a 

widespread problem and has the potential for tragic results. 

The foundations of hydraulic structures should be designed to withstand the 

effects of scour without failing for the worst conditions resulting from floods 

equal or higher to the 100-year flood.  

In order to design properly these structures, understanding the local scour 

phenomena is therefore vital to provide a safe and economic design of the 

structure. Underestimation of the scour depth may result in a too shallow design 

of a foundation which, consequently, may become exposed to the flow 

endangering the safety of the structure. Overestimation of the scour depth might 

result into a too deep design of a foundation, increasing the construction costs. 

Excessive local scour can progressively undermine the foundation of the 
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structure. Because complete protection against scour is too expensive, generally, 

the maximum scour has to be predicted to minimize the risk of failure. 

As a result, not only the knowledge of scour phenomena is important to design 

the structure but also to assess the management of the existing ones. In Korea, 

after the Four Major Rivers Restoration project there is an increasing necessity to 

know how to mitigate the effects of the construction around these new 

structures. Understanding the mechanism scour around the new structures will 

also help to choose the most adequate bed protection measures in order to 

prevent or mitigate its effects. Moreover, not only an increase on the safety 

around the structure would be achieved but the environmental equilibrium along 

the rivers would be ensured as well. 

1.4 Objectives of the study 

According to the relevance that sediment transport related issues have gained, 

the first objective of the thesis will be the identification of the areas where 

sediment erosion and deposition might take place depending on the operation of 

the gates of Gangjeong weir.  

Gangjeong weir case is operated following 4 different scenarios. Numerical 

simulations using registered discharges in Nakdong river will be carried out and 

the relation between the different operation patterns and the sediment transport 

will be analyzed.  

As it was pointed out, it is necessary to understand the mechanism of the scour 

holes in order to guarantee the appropriate operation of the weir. The second 

objective will be focused on the study the scour holes formation process and the 
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prediction of its evolution. In order to achieve this objective a review on 

available analytical formulas and theoretical approaches is done, then a 

comparison between these theoretical descriptions of the scour hole evolution 

process and the prediction provided by the numerical model is made.  

Once the formation of the scour holes is analyzed, it would be possible to 

determine the dimensions of the area that might suffer from erosion and 

remediation measures will be suggested in order to minimize the possible future 

problems.  
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Chapter 2. Problem definition  

It has been observed that in the free surface flow around a weir, downwash 

motions, horseshoe vortices and vortex shading are formed and the turbulence is 

intensified in front, around and behind the weir. Experimental studies have 

found that both the flow and the sediment transport processes during the scour 

hole development are highly complex. 

The variability and complexity of site conditions make the development of a 

methodology to predict scour around a weir an extremely difficult problem. The 

early investigations concentrated mostly on local scour estimation were based on 

dimensional analysis and data correlation of small-scale laboratory experiments. 

The current equations and methods for estimating local scour at weirs are based 

primarily on laboratory research.  

Weirs are structures that are used to keep a constant water level, in other words, 

to control the hydraulic gradient. The amount and location of scour that occurs 

around a weir has a great influence on the stability of the structure but also on its 

effectiveness. While scour immediately downstream of a weir affects the stability 

of the structure, the upstream scour destroys the main purpose of the structure: 

providing a stable outlet for the upstream channel.   

Very little field data has been collected to verify the applicability and accuracy of 

the various design procedures compared to the wide range of stream flow 

conditions and different sediment gradations that can be found in natural river 

streams. Due to the scale effect, the scour-depth equations based predominantly 

on laboratory flume data may overestimate scour depth measured at the 
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hydraulic structures. What is more, the scour prediction methods developed 

based on laboratory data did not always produce reasonable results for field 

conditions. 

2.1 Gangjeong weir problem overview 

Gangjeong weir is the biggest weir built in Nakdong river during the 4 Major 

River Restoration project, located next to Daegu city just before the confluence 

between Nakdong River and Geumho River. As shown in Figure 2, this multi-

purpose weir has to main parts: a movable and a fixed weir.  

 

Figure 2: Overview of Gangjeong weir in Nakdong River 

The movable part of the weir consist of two weir gates that allow to deal with 

the seasonal flow. This gates can be lowered to reduce the water level in the 

upstream part and also it is possible to deal with sediment flushing through its 

operation.  
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The fixed part of the weir is the largest one and has a constant elevation of 

19.5m. Overflow may take place in flood scenarios or when the weir gates level 

is higher than the elevation of the dike.  

Downstream of the weir, beginning from the bottom of the structure there is a 

40m-lengh concrete base that presents river bed from erosion. Then, the scour 

problems might appear after this bed protection.   

2.2 Alternatives to solve the problem: Experimental & 

Numerical approaches 

There are three methods mainly used in local scour research: physical modeling, 

field observation and numerical simulation. Numerous equations have been 

proposed for estimation of the depth of local scour at hydraulic structures. Most 

of them are determined from laboratory studies and verified from few field 

observations. Laboratory research has been the strategy followed so as to define 

the relations among variables affecting the depth of scour in recent years. Results 

from these laboratory experiments must be verified by ongoing field 

measurements of scour. Recent development in computational fluid dynamics 

enables the study the local scour around the hydraulic structures.  

The traditional research effort has been focused on the analysis of scour in 

general or in the computation of the maximum scour depth. Nevertheless, the 

study of the development and control of scour holes, whether downstream or 

upstream, is also an important issue. 

Halmark and Smith (1960) stated that the size distribution, fall velocity, and 

shape and size of the bed particles are the main materials parameters to consider 
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in controlling localized scour at hydraulic structures. On that study a direct 

relationship between the average velocity at which scour started taking place to 

the particle dimensions was made. 

As Weiss et al. (1967) pointed out, the scour holes start to form because the 

water velocity at the point of scour is high enough to cause the surface particles 

to separate from the sand bed and be suspended with the fluid or roll along the 

surface of the river bed. As a result, it was found out that the majority of 

maximum scour depths occurred at the outer ends of the weir.  

2.3 Need of a numerical model application 

The flow related to the local scour around a hydraulic structure is extremely 

complicated, and highly 3D turbulent motions characterize it. The complex 

nature of flow has prevented the hydraulic engineers from applying the 

hydrodynamic models to this problem. Therefore, the typical methods to predict 

the scour depth are empirical relationships determined from laboratory 

experiments. 

Physical modeling is one of the most effective ways to understand local scour 

process so far. However, it is subject to some drawbacks. Apart from being 

expensive and time consuming, small-scale laboratory tests do suffer from scale 

effects because most of the scale down models cannot satisfy the similarity laws. 

There are several scale effects such as the Reynolds number and Froude number. 

The scale effects need to be considered when the experimental results are 

extrapolated to prototype situations. 



Master Thesis - Carlos Serrano Moreno 
 

11 
 

Unfortunately, it is very difficult for a model and a prototype to satisfy the 

requirements of both Reynolds number and Froude number similarities. Hence, 

most of the physical models for local scour search are distorted models. The big 

errors may be existent if the results of distorted models are used to predict the 

behaviors of the prototypes. 

In contrast, when working with numerical models it is not necessary to deal with 

scale effects. If a numerical model is developed, it can be applied to different 

environmental conditions. Moreover, more of those conditions could not be 

modeled under normal laboratory conditions. It has been widely accepted that a 

good numerical model can certainly be complementary to model tests and can 

assist design engineers in identifying the most crucial cases for which model tests 

may be conducted. Another key point that numerical models have is that by 

using them it is possible  to reduce the cost of physical model tests. 
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Chapter 3. Methodology 

3.1 Literature review of numerical simulations of sediment 

transport. 

In recent years, with the increasing capabilities of computer hardware and 

software, computational fluid dynamics (CFD) has been widely used to 

determine fluid flow behavior in industrial and environmental applications. A lot 

of progress using numerical simulations to study the flow around hydraulic 

structures and scouring process has been achieved in recent years. When dealing 

with scour problems in real scenarios mainly 1D or 2D models are used to 

perform the simulations. Even some research using 3D models has been done, 

up to know these models have been just applied to some test cases that simplify 

a lot the geometry of the problem: some of these examples are the simulations of 

scour around a bridge pier or the study of the flow field and sediment transport 

due to a submerged wall jet. 

CFD models have been used to simulate scour in some experimental case 

scenarios proving the performance of these models. For example, Richardson 

and Panchang (1998), used a fully three-dimensional CFD model  to simulate the 

flow field near a bridge pier and the resulting sediment transport. In spite of the 

satisfactory results, the computer resources required for such simulations limit 

the application of 3-D models to the immediate vicinity of the bridge because of 

the dependence of the 3-D modeling approach on detailed flow properties.  

Between the scour problems, the example of the bridge pier is the one where 

stronger research has been done. Another examples of these case are the 



Master Thesis - Carlos Serrano Moreno 
 

14 
 

simulations performed by Roulund et al (2005) where a three-dimensional 

hydrodynamic model, EllipSys3D, was chosen to simulate the flow around a 

vertical circular pile exposed to a steady current. The model, tested and validated 

against the experimental data. The results show that the numerical simulation 

captures all the main features of the scour process. It was found that the 

equilibrium scour depth obtained from the simulation agrees with the 

experiment for scour upstream of the pile. 

Other test cases such as the one performed by Jia et al (2001) were focused on 

the simulation of the scour process in a plunge pool of a jet. The flow field in the 

plunge pool was simulated by the CCHE3D, an unsteady, three-dimensional 

finite-element flow model with k-e turbulence closure. CCHE3D model was also 

used by  Jia et al. (2005) to perform a numerical simulation of flow around a 

submerged weir. Measured flow velocities around the weir were used for 

validating the simulation. The comparisons showed good agreement between 

measured and simulated data with the consistency of the numerical model and 

the physical models confirmed.  

Other interesting  numerical simulations were done by Jang and Shimizu (2005), 

reproducing a braided river with erodible banks to estimate channel evolution 

quantitatively.  Meyer-Peter and Müller´s sediment-transport formula was used 

to estimate bed and bank evolution with time. The numerical model reproduced 

the features of central bars well, such as bar growth, channel widening due to the 

divergence of flow around the bars, scour holes to the lee of the bars, and 

increasing bar size with time. Simulations were in accordance with the 

observations of the laboratory experiments. It also reproduced the features of 

braided rivers, such as the generation of new channels and abandonment of old 
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channels, the bifurcation and confluence of channels, and the lateral migration of 

channels.  

Latest advances in CFD modeling, such as the development of open source 

codes have also been applied to study local scour. For instance, Liu and Garcia 

(2008) used OpenFOAM and developed the numerical model FOAMSCOUR 

for local scour with free surface and automatic mesh deformation. VOF method 

is used to lead with the free water surface (2 phases water and air) and in order to 

deal with the water-sediment interface Lagrangian method was used. Flow field 

was coupled with sediment transport, both bed load and suspended load, using a 

quasi-steady approach. Parallel computations were used to reduce the CPU time 

which was usually tremendously large for morphological simulation. Numerical 

simulations for turbulent wall jet scour and wave scour around the large vertical 

cylinder were carried out and with experiments. Good results were obtained 

using the proposed modeling approach. The maximum scour depths and local 

scour profile adjusted the experimental data well.  

One of the first approaches to deal with scour in real problems was to use 

Quasi-Two-Dimensional models, such as Lee et al (1997). Scour simulations 

were performed by working with a semi-two-dimensional sediment routing 

model to simulate suspended and bed load application to the Keelung River and 

Shiemen Reservoir in Taiwan. The assessment of the results was done through a 

comparison with an analytical solution and experimental data sets.  

Regarding to the application of 2D and 3D modeling of sediment transport to 

real problems. Huybrechts et al. (2010) point out that in most 1D or 2D depth-

averaged sediment transport models, the sediment in suspension is assumed to 



Master Thesis - Carlos Serrano Moreno 
 

16 
 

be convected by the depth-averaged velocity. This contribution highlights the 

fact that the depth-averaged velocity must be weighted by the concentration 

profile to take into account the fact that the largest part of the sediment is 

transported near the bed. For this reason, a correction factor has to be 

introduced and provide an analytical formulation of this factor. Through 

comparison with 3D computations, the efficiency of this correction factor is 

evaluated on a test case representing a gentle dune propagating downstream 

under the action of a steady flow. For small dune steepness, the correction factor 

enables results from 2D computation to be closer to 3D simulation. It is 

illustrated that the correction allows the 2D results to tend to the full 3D 

computation with a large gain in computer time. 

3D numerical models have also been applied to some real cases where the 

geometry of the problem was not very complicated since the flow and sediment 

computations where only performed along the river channel without having to 

deal with any hydraulic structure. Esmaeili et al (2009) used SSIIM model to 

simulate scour around bridge piers in Tanana River, in the USA.  Finally, Lu and 

Wang (2009) present three-dimensional 3D model for suspended load transport 

in turbulent flows. The presented method was employed to simulate sediment 

erosion and deposition in the vicinity of the Three Gorges Dam and the results 

matched the observations in physical experiments. However, this study case did 

not deal with the flow through the dam and just focuses on the deposition of the 

sediment at the upstream part of the dam. 
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3.2 Review of available numerical models and adaptation 

to the study case  

As reviewed in previous chapters, the application of Computational Fluid 

Dynamics (CFD) to hydraulic systems has several advantages:  

· Time and cost reduction of new designs. 

· Allows the study of systems that cannot be reproduced by a physical 

model. 

· Detailed level of results. 

Just by reviewing literature one might realize that there are several hydrodynamic 

and sediment transport software tools that could be used to deal with this study 

case. In the following table the most well-known commercial tools and their 

main characteristics are shown and compared so as to decide which is the most 

suitable one to be used.  

Regarding available 1D models, Mike 11 and HEC-RAS are used in hundreds of 

applications around the world. Its main application areas are flood analysis and 

alleviation design, real-time flood forecasting, dam break analysis, optimization 

of reservoir and canal gate/structure operations, ecological and water quality 

assessments in rivers and wetlands, sediment transport and river morphology 

studies. HEC-RAS is a free software developed by the United States Coorp of 

Engineers while Mike-11 is a commercial software developed by the Danish 

Hydraulic Institue (DHI). Due to the complexity of the problem and the 

necessity to point out the areas where erosion and deposition problems might 

take place a higher dimensional approach is needed.  
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Software Hydrodynamic Sed. Transport Dealing with 

hydraulic structures 

License 

HEC-

RAS 
Saint Venant 

Eq. 
Exner Eq. YES 

Free 
Software 

Mike 11 Saint Venant 
Eq. 

Exner Eq. YES Commercial 
 

Table 1: One-dimensional models taken into account to deal with the study case. 

Regarding the two dimensional models, the most commonly used 2D modeling 

tools are listed below.  

Software Hydrodynamic Sed. Transport Dealing with 

hydraulic 

structures 

License 

TELEMAC RANS Exner Eq. YES Open Source 

CCHE2D RANS Exner Eq. NO Free 

Mike 21 RANS Exner Eq. YES Commercial 
 

Table 2: Two-dimensional models taken into account to deal with the study case. 

All the previous software products solve the Navier-Stokes averaged equations. 

However, the main differences between them can be found when dealing with 

hydraulic structures in a real case scenario. There are software tools like 

CCHE2D, that even being able to deal with the modeling of meandering rivers 

get struggled when dealing with complicated geometries and hydraulic structures 

like the one that this study is focused on. Figure 3 shows an application of 

CCHE2D model we carried out in Neckar River in Germany, by using a 

rectangular mesh it is possible to simulate the flow in a meandering river, 

however it is not possible to take into account the effect of one hydraulic 

structure like the one in this study. Mike-21 is the 2D software tool developed by 

DHI but it works under a commercial license. However there are some 2D 
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models like TELEMAC-2D, included inside the TELEMAC-MASCARET suite 

that are not only free software but also open source.  

 

Figure 3: Numerical Simulation of Neckar River using CCHE-2D 

In this study, the simulations will be carried out by using TELEMAC-2D. In 

order to deal with the complicated geometry of the multipurpose weir different 

hydraulic structures will be used: the function "weir" to model the overflow 

through the fixed and movable weir. This function allows to define different 

elevation of the dyke according to the weir gates operation. By using other 

software products it is also possible to use an equivalent function in order to 

define the weir, however the properties of these structure must be constant 

along the cross section.  
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The main advantage of open source codes is that the user is able to modify the 

routines of the program that may need to be improved or modified in order to 

reach a better performance of the simulation.  

Another major reason for choosing this software is due to the existence of bed 

protection areas around the weir. TELEMAC is the only available software that 

allow the definition of such areas in the study domain.  By default, the depth of 

the erodible layer is defined to be infinite so there is no limit for erosion. 

However, since the source code is available, with a simple modification it is 

possible to set the depth of the erodible layer at any single point of the domain. 

Then, the erodible depth of the erodible layer in the areas built by concrete will 

be taken to be 0, and in the other points of the domain the depth of this layer 

will be defined from 8 to 10m assuming the existence of a rocky bed.  

In order to perform the sediment transport simulations, it has been considered 

the fact that TELEMAC allows the definition of different sediment classes so 

the gradation of the river bed can be taken into account. 

There is also a wide variety of different 3D codes that not only solve the Navier-

Stokes equations but also are able to compute the sediment transport. However, 

as it was pointed out in the literature review the 3D scour simulations performed 

until now have been just focused in study some study cases like the flow and 

sediment transport around a flow pipe. Taking into account that the case study 

considered in this thesis has a very complicated geometry a three dimensional 

approach is discarded and beyond the scope of this research. Even though this 

difficulties an approach to the problem was done by using SSIIM, Olsen (1994), 

a 3D numerical model developed by the Norwegian University of Science and 
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Technology. Figure 4 shows the computational mesh used to simplify the study 

case, were a constriction around the weir gates was considered and a rectangular 

shape was used to reproduce the shape of the circular gates.  Figure 5 shows the 

velocity field around the gate, although it is interesting to observe the complexity 

of the flow field around weir; the necessity to give a numerical approach using 

the field information and real geometry becomes a huge requirement that can 

only carried out by using a 2-dimensional approach.  

 

Figure 4: Computational mesh used in a 3D  test case with SSIIM. 

 

Figure 5: Flow field around a rectangular weir gate using SSIIM. 
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3.3 TELEMAC model description 

TELEMAC-MASCARET is an open source suite of finite element programs 

created so as to deal with open channel flows. This software contains two and 

three dimensional modules that lead the user perform hydrodynamic simulations 

as well as sediment transport computations. 

TELEMAC 2D is the module of this package that will be used in this study and 

deals with the solution of the two-dimensional depth averaged Navier Stokes 

equations. Water depth and velocity are the main unknowns and it is possible to 

take into account turbulent effects as well as the transport of a non-reactive 

tracer. 

This software uses a triangular finite element discretization, however it is also 

possible to deal with quadrilateral elements. TELEMAC-2D is a worldwide 

recognized software and has been used in several studies in fluvial and maritime 

hydraulics.  For example, Brière et al (2006) used the wave propagation and flow 

modules of the TELEMAC system to model the Adour River mouth and the 

adjacent beaches of Anglet (France). The numerical results were compared with 

field measurements. The classification of errors showed that TELEMAC 2D 

flow predictions were in a range from excellent to reasonable. Another examples 

can be also found in Villaret et al. (2011) like a simulation along 22.4 km of river 

Danube.  

3.3.1 Procedure of TELEMAC Simulation 

As every CFD tool, a simulation with TELEMAC follows three main steps: pre-

processing (creation of the computational mesh and definition of the modeling 
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parameters), processing and post-processing. These basic steps to conduct a 

simulation on TELEMAC are described below: 

1. Input the model geometry and create the computational grid. Blue 

Kenue, an advanced data preparation tool developed by the National 

Research Council in Canada is used. By this free software it is possible 

to create a grid that can be imported as an input field for TELEMAC 

model.  

2. In order to deal with the preprocessing and create the steering file for 

the simulation Fudaa-Prepro will be used. Fudaa-Prepro is a pre and 

post-processing tool developed by CETMEF (Centre d'études 

techniques maritimes et fluviales). This free software allows the user to 

import, check and edit the previously created geometry. Also the 

material properties, the boundary conditions and the adjustment of the 

computational parameters can be defined here. Once the pre-processing 

is finished the computation can be launched.  

3. Depending on the steering file parameters one or several modules of 

TELEMAC will be executed. In the simulations that will be conducted 

in this study involve the hydrodynamic module (TELEMAC-2D) and 

the sediment transport module (Sisyphe). This two modules are coupled 

so, at every time step, the hydrodynamic calculations are used as an 

input to run the sediment transport algorithms. First, the velocity values 

and the water depth are calculated by the hydrodynamics module solving 

the continuity and momentum equations. These values are transferred to 

Sisyphe, where the sediment bed load and suspended load are obtained 

and used to calculated the bed evolution changes. If there is any change 
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in the riverbed the new bathymetry is used by the hydrodynamic module 

to obtain the new flow field. 

4. If the simulations are properly finished it is possible to examine and 

post-process the results using again Fudaa-Prepro software.  

3.3.2 Description of the hydrodynamic module: TELEMAC 2D 

Depth averaged Navier Stokes equations are a set of equations that describe the 

shallow water open channel flows. These equations are derived from Navier-

Stokes equations by  an integration over the water depth, assuming certain 

hypotheses. The main restrictive assumption that has to be made is that the 

horizontal length scale much be greater than the vertical length scale. A further 

description of this section can be found in Hervouet (2007). 

3.3.2.1 Reynolds Averaged Navier-Stokes equations for (RANS).  

The fluid is assumed to be Newtonian and the starting point is the conservative 

form of Navier-Stokes equations which would result in the conservative form of 

RANS equations. 

Continuity:    

∂(ρU )

∂x 
 Eq. 1 

Momentum: 

∂(ρU )

∂t
+
∂ ρU U  

∂x 
= −

∂p

∂x 
+
∂

∂x 
 τ  + R   + ρF + ρg  Eq. 2 
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Following Einstein notation: 

∂ ρU U  

∂x 
=
∂(ρU U )

∂x 
+
∂(ρU U )

∂x 
+
∂(ρU U )

∂x 
 Eq. 3 

where: 

· F : Represents forces applied in the volume of fluid (different than 

pressure and gravity) 

· p: is pressure. 

· τ   corresponds to the viscous part of the constraint tensor. 

τ  = μ 
∂U 
∂x 

+
∂U 

∂x 
  Eq. 4 

 

· υ	is molecular viscosity,expressed  in m2/s. 

υ =
μ

ρ
 Eq. 5 

· The stresses τ   appear in the expression as 
 

   
 τ   , then     

 

   
 μ  

   

   
+

   

   
  . Using the continuity equation and if ρ is constant 

an equivalent form is 
 

   
 μ

   

   
 .  

 

· R   is the Reynolds tensor due to turbulence. Strictly, the above 

equations where velocity and pressure are stochastic means devoid of 

turbulent fluctuations. The bar indicates the stochastic mean, and  are 

the fluctuations of the velocity. These additional terms do not figure in 

Navier-Stokes equations in that come from  the non linear terms where 

turbulent fluctuations cannot be omitted.  

Ui
'
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R  = −ρU 
 U 

        Eq. 6 

  

· In most of the turbulence models, the terms: 
 

   
 τ  + R   	 are 

expressed as: 
 

   
 υ  

   

   
+

   

   
   where υ  is the effective viscosity 

and  is defined as υ = υ + υ .	υis the molecular viscosity and υ  is the 

turbulent viscosity. υ  varies with time and space and is obtained from 

the turbulence model. This formulation forms the hypothesis of 

Boussinesq on the turbulent viscosity.  

 

Assuming incompressible flow the equations lead to:  

Continuity: 

∂(U )

∂x 
= 0 Eq. 7 

 Momentum: 

∂(U )

∂t
+
∂ U U  

∂x 
= −

1

ρ

∂p

∂x 
+
1

ρ

∂

∂x 
 τ  + R   + F + g  Eq. 8 

3.3.2.2 Assumptions taken to obtain the 2D conservative form of RANS 

equations. 

· Pressure is assumed to be hydrostatic: −
 

 

  

  
− g = 0 . It is assumed 

that the atmospheric pressure is p is defined to be 0 at the free surface 

level.  

As Z is the level of the free surface: p(x, y, z) = ρ ∙ g ∙ (Z − z). At the 

bottom p(x, y, z) = ρ ∙ g ∙ h, where h is the water depth. 
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· The vertical velocity will be neglected since depth-averaged approach 

will be used and will not have an equation. 

· Impermeability of surface and bottom; There will not be transfer of 

water through the bottom or from the surface 

3.3.2.3 Average of Navier-Stokes equations 

The Navier-Stokes equations at constant density and with hydrostatic pressure 

will be averaged over the vertical by integrating from the surface.  

Two new variables appear: . These 

variables are the average over the vertical direction of the horizontal components 

of the velocity vector. 

· By  applying Leibniz´s rule the continuity equation becomes:    

∂h

∂t
+ div(hu) = 0 Eq. 9 

· In order to average the momentum equation the hypothesis of 

hydrostatic pressure is assumed. Every term of the previously developed 

equation will be averaged. The sum of these terms, many of them which 

disappear applying the impermeability of the bottom and the free 

surface becomes: 

∂(hu)

∂t
+
∂(huu)

∂x
+
∂(huv)

∂y
= −h ∙ g

∂Z

∂x
+ h ∙ F + div h ∙ υ ∙ ∇ (u)  Eq. 10 

∂(hv)

∂t
+
∂(hvu)

∂x
+
∂(hvv)

∂y
= −h ∙ g

∂Z

∂y
+ h ∙ F + div h ∙ υ ∙ ∇ (v)  Eq. 11 

u =
1

h
U1dz

Z f

Z

ò and v =
1

h
U2dz

Z f

Z

ò
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The equation for the vertical velocity is no longer kept since it was used in the 

hypothesis of hydrostaticity.  These and the continuity equation are part of the 

2D conservative form of RANS equations. 

3.3.2.4 Boundary Conditions 

The physical boundary conditions are the ones that can be modified by the user 

and play a crucial role in the simulation. It is necessary to distinguish between 

liquid and solid boundaries. 

· Solid boundaries are those where there is an impermeability restriction 

so it is assumed that there is no discharge across this boundary.  

· Liquid boundaries are those where a fluid domain is supposed to exist 

but it does not form part of the calculation domain. There are 4 types of 

different boundaries depending on the direction of the flow (inlet and 

outlet) and on the Froude Number ( subcritical or supercritical flow).  

When dealing with simulation in rivers the exact velocity profile over the 

upstream section is not known and only a prescribed flow rate condition is 

available. A constant logarithmic velocity profile can be imposed at the inflow 

boundaries.    

3.3.2.5 Turbulence Modeling 

In order to deal with the average of Navier-Stokes equations the presence of a 

turbulence model is necessary. The time average of the equations introduces 

additional terms from where the Reynolds stresses appear. These new terms 

explain the energy transfers between the average flow and the eddies caused by 

the turbulence. This terms make the system of equations to need a closure. 
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This closure of the system of equations can be obtained either by expressing the 

Reynolds stresses as a function of the average values (a specific value for the 

velocity diffusivity coefficient must be set, and by changing this parameter the 

calibration of the model can be done) or by solving directly the transport 

equations for the kinetic energy and its rate of dissipation, which constitutes the 

k-e model. 

The k-e model is the most widely used 2 equations turbulence model  to 

represent the turbulent properties of the flow and accounts for history effects 

like convection and diffusion of turbulent energy. 

The first transported variable is turbulent kinetic energy, k. The second 

transported variable in this case is the turbulent dissipation, e. e is the variable 

that determines the scale of the turbulence, whereas k determines the energy in 

the turbulence. 

The  vertically averaged kinetic energy, k, and its rate of dissipation, e, values are: 

k =
1

h
 

1

2
u 
 u 
      dz

 

  

 Eq. 12 

	e =
1

h
 

υ

2

∂u 
 

∂x 

∂u 
 

∂x 

         
dz

 

  

 Eq. 13 

where  is the temporal fluctuation of velocity and the horizontal bar represents 

the average over time. The closure is done by the hypothesis of Boussinesq 

which expresses the Reynolds stress terms as a function of velocity gradients:  

R  

ρ
= υ  

∂U 
∂x 

+
∂U 

∂x 
 −

2

3
k ∙ δ   Eq. 14 

ui
¢
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where  is the Reynolds tensor. The last term of this relation which contains k 

is neglected. The turbulent viscosity is expressed finally as: .  

 
Eq. 15 

The vertical integration of Reynolds equations produces dissipation terms 

because the vertical velocity profile is not uniform. The two equations that will 

be added to the system are:  

∂k

∂t
+ u ∙ ∇ (k) =

1

h
div  h ∙

υ 
σ 
∇ (k) + P − ε + P   Eq. 16 

∂ε

∂t
+ u ∙ ∇ (ε) =

1

h
div  h ∙

υ 
σ 
∇ (ε) +

ε

k
(c  P− c  ε) + P   

 

Eq. 17 

The first terms on the right hand side are related to diffusion, where production 

terms are composed on the hand of horizontal gradient velocity:  

P = υ  
∂U 
∂x 

+
∂U 

∂x 
 
∂U 
∂x 

 Eq. 18 

and on the other hand of the terms of vertical shear:  

P  = c 
u∗
 

h
 Eq. 19 

c =
1

√c 
	 

 

Eq. 20 

P  = c 
u∗
 

h 
 Eq. 21 

c = 3.6
c   c 

c 
  ⁄

 
Eq. 22 

where cf is the coefficient of friction at the bottom which, by definition, is equal 

to , where t is the stress on the bottom. The friction velocity is: 

Rij

u t = cm
k 2

e

t r
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Eq. 23 

 The constants of the k- model are based on classical test cases and listed below: 

     

0.09 1.44 1.92 1.0 1.3 

 

Table 3: Constant values for the k-   model from classical test cases. 

The friction coefficient is deduced depending on the law of bottom friction 

chosen to do the computations. In this case study, Manning´s formula is used so 

the friction coefficient is defined as: 

 
Eq. 24 

 where m is Manning´s coefficient.  

3.3.3 Description of the sediment transport module: Sisyphe 

Sisyphe is the module included inside the TELEMAC-MASCARET suite that 

deals with the sediment transport processes. Sediment transport rate is 

decomposed into bed and suspended load and is calculated as a function of the 

time-varying flow field  and sediment properties at each node of the triangular 

grid. Bed evolution is determined by solving Exner's equation using either finite 

element or finite volume techniques. 

u* = c f u
2 + v 2( )

cm c1e c2e s k se

c f =
gm2

h1 3
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The mesh generation and computational and physical parameters input steps 

were already explained in previous sections. This morphodynamic module is 

internally coupled  with the hydrodynamic module so both, the flow and bed 

evolution, are updated at each time step. 

At each time step the hydrodynamics variables (velocity field, water depth, bed 

shear stress...) are transferred to the morphodynamic model, which sends back 

the updated bed elevation to the hydrodynamic model. 

3.3.3.1 Flow - sediment interactions 

The way the sediment particles will interact with the flow field will be different 

depending on the size of the sediment . If the diameter of the particles is smaller 

than 60 mm cohesive properties will affect the sediment transport processes. For 

non-cohesive sediments (D50 > 60 mm) the grain diameter and the density are the 

main parameters to compute the sediment transport rate. If the sediment is 

cohesive the diameter is no longer the key parameter because some chemical 

properties such as concentration and other phenomena's like flocculation make 

the study of the movement of this particles much more complex.  

The bed shear stress term is involved in the momentum equation as well as the 

bottom boundary condition for the velocity profile. This bed shear stress, t0, is 

related to the depth-averaged velocity, the fluid density and a friction coefficient, 

Cd:   

 
Eq. 25 t 0 =

1

2
× r ×Cd ×U 2
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The friction coefficient can be obtained based on the friction law. This study 

uses Manning friction coefficient. Friction coefficient depends on water depth, h, 

and Manning friction coefficient, m, and is defined as:  

 
Eq. 26 

Most of sediment transport models are based on the idea that when the bed 

shear stress  increases above a critical value (threshold) the sediment particles 

start to move. Total sediment load, Qt, is divided into bed and suspended load, 

Qb and Qs.Bed load, Qb, is the type of transport where the sediment transport 

occurs near the bed layer where collisions and particle-particle interactions occur. 

On the other hand, the finer sediment particles are transported in suspension, 

from the top of the bed-load layer up to the free surface. This critical shear stress 

value, tc, is defined using two non-dimensional parameters: Shield parameter, qc, 

and a non-dimensional grain diameter parameter, D*. 

 
Eq. 27 

 Eq. 28 

 
Eq. 29 

3.3.3.2 Exner's equation 

The key objective of this study is the calculation of the sediment transport 

around a weir. In order to evaluate this phenomena all the efforts will be focused 

in the observation of the river bed evolution.  

Cd =
2 × g

h1 3
×m2

t c =
q c

rs - r( )×g ×D50

qCr = 0.04 ×D*
-0.1

D* =
g s-1( )

n 2

æ 

è 
ç 

ö 

ø 
÷ 

1 3

×D50
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The evolution of bed-load can be calculated, at every point of the computational 

grid, setting and equilibrium between the inflowing and out-flowing bed load-

transport rates and the bed level. Sisyphe module leads with these equilibrium by 

solving Exner´s equation:  

(1 − n)
∂Z 
∂t
+ ∇ ∙ Q = 0 Eq. 30 

Where n is the bed porosity, taken as 0.4 for non cohesive sediment, Z  the 

bottom elevation and Q  the solid volume transport per unit width for both, the 

longitudinal and transversal direction. The previous Equation is strictly valid for 

bed-load only. However, it can be extended to total load (including suspended 

load) assuming quasi-steady and uniform flow conditions. 

3.3.3.3 Bed load transport 

As shown in Table 4, Sisyphe allows to choose between different well-known 

formulas to obtain the bed transport-load such as: Meyer-Peter and Müller 

(1948), Einstein-Brown (1950), Engelund-Hansen or Van Rijn formula (1984). 

 
Meyer-Peter-

Müller 

Einstein-

Brown 

Engelund-

Hansen 
Van Rijn 

Type of 

transport 

Bed-load Bed-load Total load Bed-load 

Diameter > 1mm 
From 

0.2mm to 

3mm 

From 0.2 

mm to 4mm 

From 0.2 

mm to 

2mm mm 
 

Table 4: Different approaches to model Bed-load transport. 

In these study all the computations related to bed load transport are performed 

by using Van Rijn formula and an averaged diameter, D50.This formula was 
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proposed by Van Rijn to calculate the bed transport rate for particles between 2 

and 0.2mm.   

The bed load transport rate in each direction is defined depending on a non-

dimensional sand transport rate, fs, as follows:  

 Eq. 31 

The computation of this transport rate will be different depending on the bed-

load transport formula that will be used.  As it was said before,  when the bed 

shear stress  increases above a critical value (threshold) the sediment particles 

start to move. Then in order to obtain fs a comparison between the non-

dimensional critical shear stress value, qc, and the non-dimensional bed shear 

stress qp is done.  

 
Eq. 32 

The non-dimensional bed shear stress is obtained by the previous equation for 

both directions, using u and v velocity components as well as Eq. 25. 

If q > q  then fs and  the sediment motion will not be initiated.  

If q < q  then bed load transport will take place. The following table shows 

different forms to obtain the non-dimensional bed load rate depending on the 

bed-load formula.  

 

 

Qs = fs g s -1( )D50
3

q p =
m ×t 0

rs - r( )× g ×D50
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Meyer-Peter and Müller formula 

This classical bed-formula has been validated for coarse sediments that go from 

0.4 to 29 mm. The bed load rate is obtained making a balance between the bed 

shear stress and the critical shear stress: 

ϕ = 8 ∙  θ − θ   Eq. 33 

Einstein-Brown formula 

This formula is used with coarse sand, with a D50 >2mm and where a large bed 

shear stress takes place  q << q . The bed load rate is obtained as a function of 

non-dimensional grain diameter parameter, D*, defined in Eq. 29 and the non 

dimensional bed shear stress θp.  

ϕ =  
2

3
+
36

D ∗
 
 . 

−  
36

D ∗
 
 . 

∙ f θ   Eq. 34 

f θ  =  
2.15 ∙ e

  .   
  																							if							θ < 0.2	

40 ∙ θ 
 																																			if							θ > 0.2

 Eq. 35 

Engelund-Hansen formula 

The Engelund-Hansen formula predicts the total sediment load, bed load plus 

suspended load. It is recommended for fine sediments, from 0.2mm to 1 mm 

but the use of a total load formula is only suitable under equilibrium conditions 

(quasi steady and uniform flow). The bed load rate is obtained by the following 

equation: 

ϕ = 0.1 ∙ θ 
  ⁄  Eq. 36 
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Van Rijn formula 

This formula was proposed by Van Rijn (1984) in order to calculate the bed-load 

transport rate for particles between 0.2mm and 2 mm. 

ϕ = 0.053 ∙ D  
  .  

θ − θ 

θ 
  Eq. 37 

3.3.3.4 Suspended load 

The suspended load transport takes place from the top of the bed-load layer up 

to the free surface. Here the sediment particles are regarded as a passive scalar so 

they are assumed to follow the mean and turbulent flow velocity with and 

additional settling velocity parameter. 

This settling velocity parameter, Ws, is defined by the semi-empirical formula 

suggested by Van Rijn (1993):  

  =

⎩
⎪
⎪
⎨

⎪
⎪
⎧

(s − 1) ∙ g ∙ D  
 

18υ
																																If	   < 10  

10υ

D  
  1+ 0.01

(s − 1) ∙ g ∙ D  
 

18υ 
− 1 								If				10  <    < 10  

1.1 (s − 1) ∙ g ∙ D  																															If	10
  <    

			 Eq. 38 

The velocity of the suspended sediment particles can be defined as:  

U  =   +   			 Eq. 39 

Then  as the following equation shows, the suspended load is obtained by 

solving the convection-diffusion equation for the depth-averaged sediment 

concentration, C: 
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∂C

∂t
+ u ∙

∂C

∂x
+	v ∙

∂C

∂y
=
1

h
 
∂

∂x
 ε 

∂C

∂x
 +

∂

∂y
 ε 

∂C

∂y
   Eq. 40 

Where ε = 10  m s⁄ 	is the default value for the dispersion along and across 

the flow. 

3.3.3.5 Modified Exner's equation 

In order to take into account the effect of the suspended load Exner's equation 

is modified so as to take into account the net sediment flux (net erosion minus 

deposition flux). Exner's equation becomes then:  

(1 − n)
∂Z 
∂t
+ (E − D) = 0 Eq. 41 

E =  s

0.331(θ′ − θc)
1.75

1 + 0.72  (θ′ − θc)
1.75
 
 Eq. 42 

D =
Q 
b ∙ u∗

 Eq. 43 

Where b is an empirical factor, b =6.34 

3.4 Accuracy of the model   

The accuracy of morphodynamic model results (sediment transport rate and 

resulting bed evolution) is limited by different sources of errors or uncertainties:  

· The accuracy of empirical sediment transport formulae.  

· The sensitivity of sediment transport rate estimates to hydrodynamic 

variables including current velocity and friction coefficient.  
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· The quality of the sediment transport calculations crucially depends on 

the quality of the initial bathymetry and interpolation of the data on the 

triangular mesh.  

· The evolution of bottoms that does not result from the transport, but 

from its spatial  variation, which is lower in accuracy;  

· The high empiricism of sand-grading effects (hiding-exposure to 

correction factors). 

· The high-empiricism in the erosion-deposition fluxes calculations for 

the suspended load  calculations.  

Being aware of all these difficulties becomes crucial, and performing some 

sensitivity analysis is necessary to choose the best  value of the input parameters. 

It is highly recommended to validate model results by comparison with data, 

if available. A calibration over past evolutions is necessary, to know whether, and 

how accurately, the model can predict the future evolutions.  

On the other hand, when newly built structures disturb the flow, the quick 

sedimentary evolutions being involved are caused by first order effects (such as 

high current gradient) and a better prediction of the impact of bottoms can be 

ensured, provided that other factors which are not simulated by the model do 

not exceedingly affect the evolution of bottoms.  

3.5 Description of the validation procedure 

Another crucial step in order to obtain accurate conclusions from the output of 

the numerical model the critical analysis of results. Two different alternatives will 

be used: comparison with available field observations and comparison of the 
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scour depths with the results provided by theoretical approaches described in 

literature. 

3.5.1 Theoretical approaches to the problem of scour holes 

Another important objective of the research was to describe the mechanism of 

formation and the evolution of the scour holes. This phenomena has been 

studied in detailed in order to provide empirical formulas to calculate the 

maximum scour depth.  

 

Figure 6: Scour process development after a sill with river bed protection, Hoffmans (1997) 

 

From the different theoretical approaches the one suggested by Hoffmans (1997) 

working on the prediction of the scour around a sill, a case similar to the one 

here studied, is chosen to validate the results of this research. While other 

researchers mainly focused on the definition of formulas that provided the 

maximum scour depths, Hoffmans' research not only focused on the estimation 

of the maximum erosion but on the description of the evolution of the scour 

holes after a sill. The approach made by Hoffmans focus on the topic this 
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research does since the effect of bed protection measures is taken into account 

and the scour holes develop just at the end of the concrete bed, as it can be seen 

in Figure 6. 

Hoffman's described the evolution of the scour holes by the Dutch Scour Depth 

Model where 4 different phases of the evolution of the scour hole are defined: 

the initial phase, the development phase, the stabilization and the equilibrium 

phase. 

• In the initial phase flow in the hole is nearly uniform. Erosion in the 

vertical direction is most severe and the scour hole gets deeper. 

• During the development phase the scour depth increases considerably, 

but not the shape of the hole. In this phase, erosion keeps taking place 

in the vertical direction. 

• In the stabilization phase the rate of development of the maximum 

scour depth increases. The erosion in the deepest part is very small 

compared to the erosion downstream, so the hole becomes larger, 

increasing its shape in the longitudinal direction. 

• In equilibrium, the dimensions of the scour hole do not change 

significantly. As a result, the depth of the hole will change depending on 

the effect of bed forms but the erosion will not be the main force any 

more. 

In Figure 7, the time evolution of the maximum scour hole depth is shown. 

Instead of directly showing the scour depth over time, the variables here 

displayed are dimensionless using the initial water depth, h0, and the 
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characteristic time t1 that is the time where the scour depth, ym, is equal to the 

initial water depth (ym= h0).    

 

Figure 7: Description of the different steps Hoffmans' divided the formation of a scour hole. 

Apart from describing the evolution of the scour holes Hoffmans suggested one 

formula to predict the maximum scour depth that may appear after a sill 

depending on time. The following figure shows an scheme of the experiment 

carried out by Hoffmans, assuming constant discharge and uniform flow, and 

the main parameters of the geometry that will appear in the formula to predict 

the scour depth. 

Figure 8: Scheme followed by Hoffmans with the main parameters involved in the formulae. 

In order to use Hoffmans' formula it is important to understand two main 

assumptions. First, it is assumed is that the scour hole will never reach the rocky 



Master Thesis - Carlos Serrano Moreno 
 

43 
 

bed, so there will always be enough sediment so as to reach the equilibrium 

depth. The second assumption states that the scour process is defined as a 

function of time if the equilibrium scour depth (y , ) is greater than the initial 

flow depth (h ). 

The scour depth, once the equilibrium phase has been achieved will vary 

depending on the effect of the bed forms (dunes, ripples, etc.). Then, the 

formula given to obtain this value will depend on the initial water depth, h , the 

equilibrium depth y , , and the characteristic time t1. 

y 
y , 

= 1− e
     

  
  , 

  
 
  
 

γ

								 Eq. 44 

Apart from the main parameters described above, there is an extra adimensional 

coefficient, γ, which value varies from 0.4 to 0.8 as is described for a 3D flow 

condition by  van der Meulen & Vinje (1975). 

In case it might be necessary to know the depth of the scour hole during its 

evolution process, this means a depth of the hole smaller than the initial water 

depth, the following equation could be used:  

y 
h 

=  
t

t 
 

γ

 Eq. 45 

In order to apply this formula, for this research it will only be necessary to find 

the equilibrium scour depth since the simulation in a real scenario is not able to 

deal with the bed forms movement so just knowing how severe the holes might 

be is enough. 
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In order to obtain the equilibrium conditions, a relatively long period is needed 

and no upstream sediment supply is required. As reported by Hoffmans, with 

scale models the equilibrium situation is not always achieved. The equilibrium 

water can be obtained as follows: 

y , 
h 

=
ωU − U 

U 
,							ω = 1 + 3r  Eq. 46 

Where this equilibrium depth, y , , will depend on the initial water depth,	h  , 

the average velocity around the hole, U , the bottom velocity at the hole (also 

defined as critical mean velocity U ) and ω a non-dimensional parameter that 

depends on the relative turbulent intensity, r , defined as: 

r =  0.0225  1 −
D

h 
 
  

 
L − 6D

6.67h 
+ 1 

  .  

+ 1.45
g

C 
 Eq. 47 

The expression to find the relative turbulent intensity suggested by Hoffmans 

depends on the geometry of the sill (D is the height of the sill), the length of the 

bed protection, L and Chezy coefficient, C.  

The critical mean velocity, U , depends on the Chezy coefficient, and the shear-

velocity, u∗, that can be obtained from the bed shear stress, τ = ρ ∙ u∗ . 

U = u∗,
C

 g
, Eq. 48 

The last coefficient necessary to use the equations is Chezy coefficient. This 

coefficient is close related to the Manning coefficient that will be used in the 

numerical model to define the roughness of the river bed and its value also 

depends on the hydraulic radius. It can be obtained as follows:  
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C =
1

n
∙ (R)  ⁄  Eq. 49 

The above formulas will be used in order to obtained the equilibrium depth of 

the scour hole that might appear at the downstream part of the weir gates. 

However, this formulas will be also used in order to verify the capacity of the 

numerical model. So as to decide which of the available sediment transport 

formulas fits better to the study case, each sediment transport formula will be 

used numerical simulations using TELEMAC will be performed following 

Hoffmans experiment and the one who better performs the equilibrium scour 

depths predicted by Hoffmans. 

3.5.2 Comparison with theoretical approaches 

As it was described in the previous section, one of the most important steps in 

the calibration of the numerical model is the election of which sediment 

transport formula will be used to compute the bed load. The available formulas 

implemented in the model range depend on the size of the sediment.  

During these research the simulations are not only carried out by assuming a 

uniform gradation of the river bed, but also the whole bed gradation is be 

implemented into the model in order to identify which classes of the sediment, 

deposited in the upstream part of the weir, would be mobilized when sediment 

flushing operations might be carried out.  

The following table shows the gradation of the different sediment classes found 

after a survey of the river bed close to the study area. Since the average sediment 

size is 1.7 mm is Van Rijn's Formula might work better.  
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Class % Max diameter Min diameter 

Coarse Gravel 5 32 8 

Gravel 4 8 2 

Very Coarse Sand 11 2 1 

Coarse Sand 43 1 0.5 

Sand 24 0.5 0.25 

Fine Sand 5 0.25 0.125 

Very fine sand 2 0.125 0.062 

Silt 1 3 0.062 0.016 

Silt 2 3 0.016 0.004 
 

Table 5: River Gradation gradation surveyed near Seongju gauging station  

As previously mentioned, apart from a qualitative approach the experiments 

carried out by Hoffmans were reproduced numerically and the result provided by 

the equilibrium depth formula is compared with the maximum erosion values 

obtained after using each of the formulas available in the TELEMAC sediment 

transport module.  

As it can be seen in Figure 9, the computational grid used to reproduce the 

experiment has 100m length per 20m width with a 2m resolution. The velocity in 

the upstream boundary is prescribed and defined to be 2m/s, the initial water 

surface level is 3.5 m and in the downstream boundary the water level surface is 

assumed to be 3m. 22m from the downstream part a trapezoidal or triangular sill 

is installed with a height of 3m. 
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Figure 9: Computational mesh that reproduces Hoffmans' experimental conditions. 

In order to check the influence that the shape of the sill might have in the result 

two different geometries are compared. The trapezoidal one that Figure 10 

shows and the triangular shown in Figure 11.  

 

Figure 10: Trapezoidal typology of sill used in the computations with a height of 3m 

Figure 11: Triangular typology of sill used in the computations with a height of 3m 

Another point that might be noticed is the definition of the non-erodible points 

in the computational grid. In order to use Hoffman's formula the length of the 

concrete bed must be more than 6 times the height of the sill. Figure 12 shows 

the bathymetry of the computational grid, since the height of the weir is 3m, the 
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concrete bed should be longer than 18m. As a result, when defining the non-

erodible bed, as it can be seen in Figure 13,  a length of 32m was defined. Since 

The main objective of the simulation is to obtain the maximum depth that might 

be reached in the scour hole, the depth of the erodible layer is defined to be 15m.  

 

Figure 12: Bathymetry used in the trapezoidal sill case. 

 

Figure 13: Definition of the concrete bed after the sill preventing erosion 

Since the objective of the simulation is to find the equilibrium depth, a 2 weeks 

simulation is performed. Figure 14 shows the bed evolution that takes place after 

a 3 weeks steady flow simulation with a trapezoidal sill, the scour holes appear 

just after the end of the concrete bed. The chart in Figure 15 shows the time 

evolution of the river bed at the deepest point of the hole. As shown, the 

maximum depth is achieved after 7 days of simulation and after this equilibrium 

is achieved the erosion in the vertical direction of the hole is not significant while 

the erosion keeps propagating downstream.  
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Figure 14: Bed Evolution after the sill in a 2-weeks simulation.  

 

Figure 15: Time evolution of erosion at the deepest point of the hole.  

After taking a look to the evolution of the river bed it is interesting to analyze the 

reason why the maximum erosion appears just at the end of the concrete bed. As 

it can be seen in Figure 16, there is a transition from subcritical flow to 

supercritical flow just after the sill. Then, this supercritical flow decreases its 

velocity slows down along the concrete bed protection and just in the transition 

between the concrete and the erodible bed a hydraulic jump takes place as a 

result of the transition from supercritical to subcritical flow. This hydraulic jump 

leads to an increase of the turbulence in the erodible layer that generates erosion 

of the river bed in the vertical direction and create the scour holes. 
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Figure 16: Froude number around the sill.  

After performing these simulations for each sediment transport formula and 

using the averaged velocity at the scour hole, computing the critical velocity and 

applying the formula to take into account the turbulent effect, Hoffmans 

formula can be used to obtain the equilibrium scour depth.  

As the following table shows, the bed load formula that offers a result closer to 

the one obtained by the theoretical formula is Van Rijn's formula. Then, the 

qualitative analysis proves that not only Van Rijn's formula offers a better 

performance because of the fact that it fits better to the bed gradation but also 

because the equilibrium depth of the hole is closer to the one that is predicted by 

the theoretical approach.  

Table 6 shows  the results of the simulation when the sill has a trapezoidal shape. 

The same procedure was followed for the triangular case and the same result was 

found in Table 7. The bed load formulas that offer a closer result to the 

theoretical approach where Van Rijn's Formula and Meyer-Peter-Müller (1948). 

The results are consistent since Einstein-Brown (1950) Formula performs better 

the coarser the sediment sample is. 

 



Master Thesis - Carlos Serrano Moreno 
 

51 
 

Approach Maximum scour depth 

Hoffman’s Formula 8.89 m 

Van Rijn’s Formula 7.87 m 

Meyer-Peter-Müller 6.84 m 

Einstein-Brown Formula 7.6 m 

 

 

Table 6: Comparison of the performace offered by different bed load transport formulas implemented in Telemac and 

the result of the maximum scour that Hoffmans' formula offers applied to the trapezoidal sill case. 

 

Approach Maximum eroded depth 

Hoffman’s Formula 4.85 m 

Van Rijn’s Formula 4.43 m 

Meyer-Peter-Müller 3.35 m 

Einstein-Brown Formula 4.03 m 

 

 

Table 7: Comparison of the performace offered by different bed load transport formulas implemented in Telemac and 

the result of the maximum scour that Hoffmans' formula offers applied to the triangular sill case. 
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Chapter 4. Application to Gangjeong weir case 

As mentioned in previous chapters, Gangjeong weir is located next to Daegu city 

just before the confluence between Nakdong River and its tributary, Geumho 

River.  

In order to perform the study the bathymetry used in the planning phase of the 4 

Major Rivers Restoration Project will be used, shown in Figure 17. This 

bathymetry has an average resolution of 50 m and a cloud of points with a higher 

density of 10m  is available near the weir. In order to reduce the computational 

time the simulations will be performed in a smaller domain around the weir, 

giving enough distance in the upstream and in the downstream part in order to 

get rid from effects of the boundary conditions.  

 

Figure 17: River bed bathymetry available as planned before the construction of Gangjeong weir and study domain. 
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The computational mesh used to perform the study is shown in Figure 18. A 

Hybrid mesh is used in order to make the calculations more efficient. A denser 

resolution in the computational mesh is defined near the weir gates, where a 

resolution of 10m is used. A coarser resolution is used to define the flood plain, 

since accuracy is not that important a resolution of 30m is used. Finally along the 

main channel of Nakdong River a resolution of 20m is used.   

 

Figure 18: Definition of the hybrid mesh used to perform the simulations. A denser resolution is used around the 

weir gates. 

In order to perform the simulations two boundary conditions are required. In 

the upstream part, discharge will be used as boundary condition. So as to identify 

the areas where erosion is more relevant the discharge in Nakdong river 

measured in Seongju gauging station will be used. This information and data are 

available and downloaded from the website of the Korean WAter Management 

Information System (www.wamis.go.kr). On the other hand, water surface 

elevation will be used as downstream boundary condition. This value will be 
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obtained by using a rating curve formula that will offer the water surface 

elevation depending on the discharge in Nakdong river. This information was 

provided by the Korean Ministry of Land, Infrastructure and Transport. 

4.1 Setting up the model 

As it was described in previous chapters, one of the main difficulties to deal with 

Gangjeong weir case is the existence a concrete bed in order to prevent erosion 

around the hydraulic structure. It becomes necessary to take into account the 

effect of this rigid bed in an area with a length of 40m behind the weir gates, as 

shown in Figure 19.  

 

Figure 19: Concrete bed protections built in Gangjeong weir. 

By defining the rigid bed, the sediment erosion rate at this points is neglected 

and only the incoming sediment will pass over the bed. The problem of rigid 

beds is conceptually trivial but becomes tricky in the numerical analysis. The 

sediment is basically seen as a layer with a depth that must remain positive, and 

the Exner's equation is seen as a continuity equation.  
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The position of the rigid bed is set by default to an infinite large value and can be 

changed by modifying the subroutine noerod.f provided in the source code. 

First of all, it is necessary to define a new layer in the geometry file. Apart from 

the bathymetry information, an extra layer (noer) including the depth of the 

erodible layer is defined. By default, all the nodes in the computational mesh are 

given a depth value (10m). The modification here implemented requires that the 

depth in the computational points of the grid where the concrete bed is installed 

must be set to 0m.  

 

Figure 20: Definition of the concrete bed around Ganjeong weir. 

 

The definition of the non erodible areas is shown in Figure 20. The nodes where 

the concrete bed is defined are displayed in blue, while the areas where the sandy 

bed is considered are shown in red.  
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Then, when initializing the simulation, the values defined in the new layer will be 

taken into account and the calculations in the nodes where the maximum 

erodible depth is achieved will be stopped. 

4.2 Simulation reproducing different weir gate operation 

scenarios 

The main objective of the thesis is the identification of the areas around 

Gangjeong Weir were sediment transport related problems might be more severe. 

Due to the singularity of the structure it is necessary to consider the gates 

operation in order to point out under which circumstances the erosion problem 

may appear.  

In order to simplify the problem, as it is shown in Table 8, four different cases 

are considered depending on how the operation of the weir gates is done. Case 1 

reflects the most common operating condition, the weir gates are lowered so as 

to lead with the seasonal flow.  From the middle of June until August the rainy 

season takes place in Korea, during this season floods are likely to happen. So as 

to deal with this flood events the weir gates can be lowered and also overflow 

through the fixed part of the weir might take place too. The final cases are 

related to scenarios that have not been tested after the weir construction. Case 3 

reflects the flushing scenario where the circular gates of the weir can be opened 

from the bottom so the sediment deposited in the upstream part can be flushed 

downstream. Case 4 responds to the scenario that was defined to be the practical 

operation scenario after construction, where the weir gates will be closed and 

overflow will take place along the fixed weir. This final case, however, is not 

taking place due to agricultural issues related to the underground water level.  
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 Overflow fixed 

weir 

Overflow 

movable weir 

Underflow 

gates 

Case 1: Operational 

condition 
No 

Yes ( Weir gates 

partially opened) 

No 

Case 2: Flood 

Scenario 
Yes 

Yes (Weir gates 

fully opened) 

No 

Case 3: Flushing Yes No Yes 

Case 4: Planned 

Scenario 
Yes 

No No 

 

Table 8: Different scenarios used in the operation of Gangjeong weir 

As commented at the beginning of the chapter, all these scenarios are carried out 

by using discharge observations as an upstream boundary condition that come 

from field observations registered in Seonju gauging station available in WAMIS 

website. In order to run the simulations the water surface elevation at the outlet 

is required as a downstream boundary condition. So as to obtain this value the 

water surface elevation is obtained from a rating expression provided by the 

Ministry of Land and Transportation show in Eq. 28. 

WSE = 0.0217 ∙ Q .    +14 Eq. 28 

After running all these scenarios it is possible to identify those where erosion and 

sedimentation problems will be more severe and to point out the areas around 

which the structure might be threatened by sediment transport phenomena.  
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4.2.1 Case 1: Operational Condition 

The Operational Condition represents the situation that takes place in 

Gangjeong weir during the main part of the year. This operational case takes 

place with low flow situations where just by lowering the weir gates a few 

centimeters it is possible to deal with the natural flow of the river. When the weir 

follows the operational condition overflow only takes place through the weir 

gates and since the water surface elevation is smaller than 19.5m in the upstream 

part of the weir no overflow is observed through the fixed part of the weir. 

In order to perform the computation of this case the hydrograph registered in 

Seonju gauging station, shown in Figure 21, is used as an upstream boundary 

condition. The simulation time is 15 days (registers from November 5th until 

November 19th 2009 are used). 

 

Figure 21: Discharge registered in Seonju station in Nov. 2009. 

So as to reproduce the operation of the weirs the water level of the weir gates is 

defined to be 19m, while the level of the fixed dyke is known to be 19.5m. 
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Figure 22 shows the hybrid mesh used for the simulation and the setting of the 

weirs that has been described.  

 

Figure 22: Definition of the hybrid mesh used to perform the simulation of Case 1. 

Taking a look to Figure 23 is possible to see how the flowrate of the River is 

concentrated along the weir gates and that no overflow takes place through the 

fixed part of the weir. According to this result, it can  be said that during the 

main part of the year the area subjected to higher velocities, this means higher 

bed shear stress will be the one around the weir gates. In other words, these 

areas are the ones that will be threatened of suffering the erosion problems. 
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Figure 23: Flowrate along Gangjeong weir after 15-day simulation of the operational scenario. 

Figure 24 shows the Water Surface Elevation around the study area. In this case 

the level in the upstream part of the level is lower than 19.5m. As expected, there 

is no overflow through the fixed part of the weir. The downstream boundary 

condition (here obtained from the discharge by using rating formula available) is 

the one that sets the water surface elevation in the upstream part of the weir. 

Extrapolating this result to reality, this points out that the level in the 

downstream part of Gangjeong weir will depend on the operation of Dalseong 

weir (20km downstream).  
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Figure 24: Free Surface Elevation during the simulation of Case 1. 

Finally, Figure 25 shows the bed evolution after 15-day simulation. As it was 

already mentioned, the operational scenario only takes place with very low flow 

situations; then, the flow velocity is not high enough to carry bed material and 

generate erosion. As a result, during the main part of the year when low flows 

take place the erosion problem around the hydraulic structure is not significant. 
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Figure 25: Bed evolution after 15-day simulation reproducing the operational scenario. 

4.2.2 Case 2: Flood Scenario 

The Flood scenario represents extreme events that take place in Nakdong river 

occasionally during the rainy season, basically between the mid of June until the 

end of August. This extreme cases force the weir operator to fully open the weir 

gates trying to minimize the effects of the peak flow. When the weir gates are 

fully opened the flow mainly takes part across the weir gates, however overflow 

might be observed through the fixed part of the weir if the discharge is high 

enough. 
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Figure 26: Discharge registered in Seonju station in July 2009.  

 

Figure 27: Definition of the hybrid mesh used to perform the simulation of a flood scenario. 

 

In order to perform the computation of this case the hydrograph of a high flow 

event registered in Seonju gauging station, shown in Figure 26 is used as an 

upstream boundary condition.  
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As in the previous case, the simulation time is 15 days ( here registers from July 

9th until July 23rd 2009 were used). So as to reproduce the operation pattern, 

instead of using the weir function to represent the gates, computational nodes 

are defined along the weir gates location so as to allow the computation of the 

sediment to take into account the transfer from the upstream to the downstream 

part. Figure 27 shows the hybrid mesh used for the simulation and the setting 

the fixed part of the weir as it has been described in the previous case.  

 

Figure 28: Bed evolution after 15-day simulation reproducing the flood scenario.  

As shown in Figure 28, during the flood scenario a strong erosion takes place 

behind the weir gates starting just at the end of the concrete bed. Two scour 

holes appear after each weir gate. As observed, the deepest erosion takes place 
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just at the end of the concrete bed and then the hole is propagated downstream. 

The amount of sediment eroded is washed out downstream.  

Apart from the erosion in the downstream part since the weir gates are fully 

opened flushing from the sediment deposited in the upstream part of the gates is 

also observed. This is the scenario where the erosion problem is significant and 

in a such important magnitude that will be analyzed in detailed in sections 4.4 

and 4.5, where the evolution of these scour holes is analyzed and a prediction 

about future problems and its mitigation is also offered. 

4.2.3 Case 3: Flushing Condition 

In order to mitigate the deposition of sediment in the upstream part of the weir 

the gates of Gangjeong weir are circular. By its operation is possible to allow 

underflow through them in order to be wash out sediment downstream. The 

Flushing Condition represents the situation when the operator decides to flush 

sediment to the downstream part in a low flow situation. This operational case 

takes place with low flow situations where just by rising the weir gates a few 

centimeters from the bottom it might be possible to flush downstream the 

sediment deposited. When the weir follows the flushing condition pattern 

underflow takes part through the weir gates and since the water surface elevation 

is smaller than 19.5m in the upstream part of the weir no overflow should be 

observed through the fixed part of the weir. 

In order to perform the computation of this case the hydrograph registered in 

Seonju gauging station, shown in Figure 21, is used again as an upstream 

boundary condition. The simulation time is 15 days (registers from November 

5th until November 19th 2009 are used).  
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Figure 29: Definition of the hybrid mesh used to perform the simulation of a flushing scenario. 

So as to reproduce the operation of the weirs the water level of the weir gates is 

defined to be 20m, while the level of the fixed dyke is known to be 19.5m. 

Figure 29 shows the hybrid mesh used for the simulation and the setting of the 

weirs that has been described. In order to represent the underflow through the 

weir gates a series of culverts are defined connecting the notes simulating the 

flow through the gates. These culverts can be seen in yellow color in are defined 

to have a diameter of 3 meters and offer the closest approach to reality taking 

into account all the limitations offered by the 2D model. The limitation of this 

approach is that the computation is only able to reproduce the behavior of the 

flow but in case that some sediment deposited in the upstream part was eroded it 

could not be carried down and taken into account during the simulation. 

Taking a look to Figure 30 is possible to see how the flow rate of the River is 

concentrated along the weir gates and that no overflow takes place through the 
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fixed part of the weir. The maximum flow rate takes place just at the end of the 

culverts representing the underflow through the gates of the weir.  

 

Figure 30: Flowrate along Gangjeong weir after 15-day simulation of the flushing scenario. 

As it can be seen in Figure 31, during the flushing scenario the strongest shear 

stress takes places just at the end of the culverts. Since those areas are protected 

by the concrete bed, no severe erosion is observed either in the upstream or 

downstream part of the hydraulic structure, as shown in Figure 32. Only a few 

nodes near the outlet present erosion however the amount is not significant and 

cannot be related to the operation of the weir. 
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Figure 31: Bed shear stress after 15-day simulation reproducing the flushing scenario. 
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Figure 32: Bed evolution after 15-day simulation reproducing the flushing scenario. 

4.2.4 Case 4: Planned  Scenario 

The Planned Scenario represents the situation that was conceived during the 

design phase to take place in Gangjeong weir during the main part of the year. 

Even this scenario is not being used for the operation of the weir after 

construction, it should be taken into account. This planned case also takes place 

with low flow situations and overflow takes place through the fixed part of the 

weir. 
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Figure 33: Definition of the hybrid mesh used to perform the simulations. A denser resolution is used around the 

weir gates. 

In order to perform the computation of this case the hydrograph registered in 

Seonju gauging station, shown in Figure 21, is used as an upstream boundary 

condition. The simulation time is 15 days (registers from November 5th until 

November 19th 2009 are used). So as to reproduce the operation of the weir the 

level of the weir gates is defined to be 20m, while the level of the fixed dyke is 

known to be 19.5m. Figure 33 shows the hybrid mesh used for the simulation 

and the setting of the weirs that has been described.  
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Figure 34: Flowrate along Gangjeong weir after 15-day simulation of the planned scenario. 

Taking a look to Figure 34 is possible to see how the flowrate of the River is 

concentrated along the fixed part of the weir and that no overflow takes place 

through the weir gates. 
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Figure 35: Bed evolution after 15-day simulation reproducing the planned scenario. 

Finally, Figure 35 shows the bed evolution after 15-day simulation. As it was 

already mentioned the operational scenario only takes place with very low flow 

situations, then the flow velocity is not high enough to carry bed material and 

generate erosion.  

4.3 Calibration of the Hydrodynamic module 

4.3.1 Using field observations 

One of the necessary steps in order to provide an accurate result for the 

simulations is the calibration of the numerical model using available field 

observations. In order to perform this calibration the first step to be taken is the 

verification of the result provided by the hydrodynamic module. Due to the 

recent construction of the weir the amount of data available to perform this 
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calibration is very limited. Since the simulation of the different scenarios that 

reproduce the operation of the weir has been performed using a low flow and a 

high flow situation, the same procedure is followed in the calibration. The data 

used here has been obtained from WAMIS website. Figure 36 shows the water 

surface elevation registered during the construction of Gangjeong weir in the 

construction site. The registers begin in March 2010 and are available until April 

2012.  

 

Figure 36: Water surface elevation registered in Gangjeong weir gauging station. 

As Figure 36 shows, it is easy to identify the difference before and after 

construction due to the increase in the water surface level after the completion 

of the structure. As shown in the figure above, this change takes place around 

October 2011, so the registers observed after this date are considered. Even the 

little amount of registers available two water level registers are used to 

characterize the high and low flow situations. In order to perform the 



Master Thesis - Carlos Serrano Moreno 
 

75 
 

simulations the discharge registered in Seonju station for the same date will be 

used as an upstream boundary condition and the water surface elevation level 

used in the downstream boundary condition will be obtained by applying Eq. 28 , 

as previously described in Section 4.2. 

Finally, Table 9 shows the water surface elevation levels observed in Gangjeong 

weir that will be used as a reference for calibration. In the same row the 

discharge of Nakdong river for the same date registered in Seonju station is used 

as an upstream boundary condition  and these discharge registered are also used 

to compute the water surface elevation at the outlet by using the rating formula 

in Eq. 28. 

WSE observed in 

Gangjeong Weir 

Discharge in Seonju Station 

(Upstream BC)  

WSE calculated at the 

outlet (Upstream BC) 

20.96 m 7728.22 m3/s 18.74 m 

16.63 m 479.04 m3/s 14.88 m 
 

Table 9: Water surface elevation observations and boundary conditions used in the calibration. 

4.3.1.1 Calibration of the high flow scenario 

Following the procedure described in the previous section, the calibration for the 

high flow scenario is performed reproducing the flood operation of the weir, 

where the gates are fully open and using the  computational mesh shown in 

Figure 25. In order to perform this simulation the discharge registered in Seonju 

station is used as an upstream boundary condition for a steady flow simulation. 

After a few hours of simulation the flow is stabilized and the free surface shown 

in Figure 37 is used as a reference to compare with the available observations. 
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Figure 37: Free surface when the steady high flow simulation is stabilized. 

The main difficulty of this calibration is the small amount of data available to 

perform the validation of the results. The observations available where measured 

at Gangjeong where during its construction however the exact location of the 

measuring equipment is not known. However, after the steady flow simulation is 

stabilized the water surface elevation values observed in Gangjeong are quite 

close to the ones observed. In order to obtain the water surface elevation values 

closest to the observed ones the drainage coefficient of the weir function is 

changed. As shown in Figure 37 the value closest to the observations is the one 

registered near the weir gates where a different of 24cm is observed. On the 

other hand the water surface level at the weir is 21.6m, 60 cm higher than the 

observations. Taking into account the limitations of the 2D model and all the 

uncertainty around the validation data, the result provided by the hydrodynamic 

module can be accepted since the water surface elevation values calculated are 

rationally close to the observed ones. 
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4.3.1.2 Calibration of the low flow scenario 

Following the procedure described in the previous section, the calibration for the 

high low scenario is performed reproducing the operational case of the weir, 

where the gates are lowered a few centimeters allowing overflow through them, 

the computational mesh used in this case shown in Figure 27. In order to 

perform this simulation the discharge registered in Seonju station is used as an 

upstream boundary condition for a steady flow simulation. After a few hours of 

simulation the flow is stabilized and the free surface shown in Figure 38 is used 

as a reference to compare with the available observations. 

 

Figure 38: Free surface when the steady low flow simulation is stabilized. 

 

Once the steady flow simulation is stabilized the water surface elevation, again 

the values observed in Gangjeong are quite close to the ones observed. As 

shown in Figure 38 the value closest to the observations is the one obtained near 

the weir gates where a difference of 18cm is observed. On the other hand the 
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water surface level at the weir is 17.02 m, 39 cm higher than the observations. 

Same as in the previous case, taking into account the limitations of the 2D model 

and all the uncertainty around the validation data, the result provided by the 

hydrodynamic module can be accepted since the water surface elevation values 

calculated are rationally close to the observed ones. 

4.3.2 Using planning information 

Due to the reduced amount of available information, planning information 

relating the water surface elevation and the river discharge, shown in Table 10, is 

used to verify again the capability of the model in high flow scenarios.  

 River Discharge ( m
3
/s ) Expected Water Surface Elevation (m)  

7527 21.37 

8173 21.72 

9009 22.16 

10931 23.15 

12374 23.84 

13219 24.14 
 

Table 10: Water surface elevation observations and boundary conditions used in the calibration. 

In order to perform the simulations, and following the same procedure as in the 

previous section the River discharge is used as an upstream boundary condition 

while the expected water surface elevation values in Gangjeong weir will be taken 

as a reference.  
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Figure 39: Comparison between the expected WSE values and the numerical model  outputs around the weir gates..  

Figure 39 shows a good agreement between the water surface elevation values 

simulated by the TELEMAC model and the expected water surface elevation 

values during the planning face. However, a critical analysis of this results is 

required. Due to the recent construction of the weir the high river discharge 

values here considered have not taken place yet so instead of using real field 

observations these results might be the output of one numerical model used 

during the planning stage, this is the reason why such a good agreement is 

observed. 

4.4 Calibration of the sediment transport module against 

past observations 

The second objective of the thesis is to provide a detailed description and 

analysis of the formation of scour holes. As it was said in the previous chapter 

this analysis will be compared to Hoffman's theory about scour holes. The 

simulations in this case will be performed using the same computational domain 

as the one used in the flood scenario section, however, the upstream boundary 
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condition that will be used will assume a constant discharge in the river, same as 

Hoffman's experiment did. As shown in section 4.2, the flood scenario is the one 

where erosion after the weir gates becomes more relevant, this is why the 

computational mesh in that scenario is taken as a reference to study the 

evolution of the scour holes. 

As described above, the available formulas used to predict the maximum depth 

of the scour holes were obtained after conducting laboratory experiments. From 

the different theoretical approaches the one suggested by Hoffmans (1997) is 

chosen to validate the results of this research., Hoffmans' research not only 

focused on the estimation of the maximum erosion but on the description of the 

evolution of the scour holes after a sill. The approach made by Hoffmans focus 

on the topic this research does since the effect of bed protection measures is 

taken into account and the scour holes develop just at the end of the concrete 

bed. 

In order to use Hoffmans' formulas it is important to understand several 

assumptions. First, it is assumed that the scour hole will never reach the rocky 

bed, so there will always be enough sediment so as to reach the equilibrium 

depth. The second assumption says that the scour process is defined as a 

function of time where the equilibrium scour depth is greater than the initial flow 

depth. This second assumption is a very strong requirement taking into account 

that the initial flow depth in this study is around 10m. 

The parameter that will play a main role in this section is the assumption of the 

existence of a rocky bed. In Hoffmans' experiments it was assumed that the 

erodible layer of sediment was deep enough so as to lead the whole development 
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of the scour hole. When considering the evolution of the scour holes in a real 

case domain it is very important to know the depth where the rocky bed is 

located. Once this depth is located, the erosion in the vertical direction will not 

proceed and the enlargement of the scour hole downstream might be accelerated.  

Then, the study and analysis of the evolution of the scour holes will be carried 

out by considering two possible scenarios: one where the erodible layer is deep 

enough so there is no interference with the rocky bed and another case where 

the existence of the rocky bed is considered. 

4.4.1 Evolution of the scour holes without considering the rocky bed 

As previously defined, the first simulation that is carried out is the steady flow 

situation considering that the rocky bed is deep enough so as to not interfere in 

the evolution of the scour hole. 

Figure 40 shows the formation of the scour holes after 11 days of simulation 

assuming a constant discharge of 4000 m3/s, the maximum flow that can be 

discharged through the weir gates when they are fully opened so there is no 

overflow through the fixed part of the weir.  
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Figure 40: Time evolution of the bed level after the weir gates after 11 days of simulation time, infinite depth of the 

erodible layer is considered, no interaction with the rocky bed. 

As it can be seen, the figure shows the time evolution of the river bed level after 

the weir gates. As shown in the figure, erosion after the weir gates begins just at 

the end of the concrete bed, 40m from the end of the weir gate. As described in 

the theory, the scour hole becomes deeper and deeper thorough the simulation 

goes by. However, the erosion along the vertical direction decreases with time as 

Figure 41 shows.  

This time evolution chart shows that the erosion in the vertical direction is very 

important during the first hours of the simulation while the amount of sediment 

eroded is reduced as time goes by. Even this results follows the first phases 

described in the theory and the amount of erosion around the scour hole in the 

vertical direction is reduced over time the equilibrium of the scour hole is not 

achieved even 11 days of simulation have been considered and the score hole is 

not enlarged in the horizontal direction. 
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Figure 41: Time evolution of erosion at the deepest point of the hole. Equilibrium is not achieved during the 

simulation however it is possible to see the decrease in the vertical direction. 

Accepting the description offered by Hoffman's in his theory and applying his 

formula it would be possible to know the equilibrium depth of the scour hole in 

this study case. Considering that the initial water depth after the concrete bed is 

10m the equilibrium depth obtained using Eq. 28 is 13.47m, a value that even 

close to the one obtain in the simulation is not likely to take place in reality.  

A critical analysis of Figure 40, points out the necessity of assuming a maximum 

erodible depth by defining the position of the rocky bed. If one assumes that 

there is a layer of sediment with an infinite depth (as done in this case) one might 

realize that the results offered by the numerical model are not realistic when 

analyzing the  problem through a geotechnical point of view, since the steep 

slopes of the hole may lead to sediment landslides that the numerical model is 

not able to reproduce. Further simulations considering a limited depth in the 

erodible layer will be carried out in the next section in order to establish the 

differences depending on the position of the rocky bed. 
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4.4.2 Evolution of the scour holes considering the rocky bed 

Due to the limitation of Hoffman's empirical formula described above, it 

becomes necessary to perform long term flow simulations that take into account 

the effect of the rocky bed in order to obtain and approximated idea of the 

extension and maximum depth of the scour hole and compare this result with 

the available observations. 

In order to estimate the position of the rocky bed the measurements obtained by 

field survey work are used. According to the available observations shown in the 

maximum erosion observed in the field takes place behind the weir gates, just 

when the concrete bed protections finish. A transversal cross section of the 

deepest part of the scour hole showed that the maximum erosion observed is 8m. 

This maximum value will be taken as a reference for the position of the rocky 

bed. Then in the simulation performed in this section the maximum depth of the 

erodible layer will be taken as 8m. 

 

Figure 42: River bed bathymetry at Gangjeong weir after 1-month  simulation with a steady discharge 
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Same as in the previous section a constant discharge of 4000 m3/s is assumed to 

perform the simulation. Figure 42 shows the evolution of the river bed after one 

month simulation with a constant discharge of 4000 m3/s. Taking the 

observations of the actual river bathymetry as validation data it can be seen that 

the numerical model is capable to reproduce a similar area affected by the 

erosion as the one observed in reality (100 m width, corresponding with the weir 

gates and 250m long in the downstream direction) . However, it should be stated 

that some differences between the observed and the simulated bathymetries are 

still remained; the reason may come from the assumption in the numerical 

simulation that the rock layer is uniformly located 8m underneath of river bed, 

which differs from the reality. 

In spite of the fact that the observation of the bed evolution figures is helpful to 

identify the areas where the sediment transport phenomena is relevant, it is 

necessary to analyze the evolution of the river bed morphology with respect to 

time to understand the mechanism and the formation of scour holes. Figure 43 

shows the formation of the scour hole and its evolution after 1 month simulation: 

 

Figure 43:  Evolution of the river bed after the weir gate considering that the thickness of  erodible layer is 8m. 
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Even the empirical approach was not accurate enough to deal with the problem, 

a good agreement between the theoretical description of the formation of the 

scour hole and the simulated result shown in Figure 43 is observed. Hoffmans 

pointed out that there are different steps in the formation of the scour hole: the 

initial phase, the development phase, the stabilization and the equilibrium phase. 

Figure 43 shows that during the first days of the simulation the erosion takes 

place just after the region where the river bed protections end, the scour hole 

gets deeper (initial and development phases ), and from the 5th day even the 

erosion keeps constant (stabilization phase) the hole becomes larger through the 

longitudinal direction. At the end of the simulation the erosion on the vertical 

direction decreases as well as the propagation downstream of the hole does 

(equilibrium phase). 

4.5 Effect of the roughness coefficient 

One of the parameters that might have a stronger influence in the results, both 

from the hydrodynamics module and the sediment transport module is the 

roughness coefficient. As shown in previous chapters the roughness coefficient 

is used to calculate the bed shear stress, a variable that plays a critical role in the 

calculation of the sediment transport. In order to study the effect of this 

parameter two different situations will be considered: the effect of considering 

different roughness values in the study domain (concrete, flood plain and main 

channel) and the influence that different roughness coefficient values in the main 

channel would have in the dimensions of the scour hole.   
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4.5.1 Different Manning's values areas defined into the study 

domain 

The previous simulations where performed by considering a uniform value of 

the roughness coefficient along the study domain. Since our observations of the 

bed evolution are focused in the area behind the weir gates, the effect of 

considering multiple values of the roughness coefficient along the study domain 

has no effect on the results of the sediment transport module, where the scour 

holes present the same extension. 

 

Figure 44: Different Manning's coefficient values along the study domain 

However, when considering different Manning's roughness coefficient values 

along the study domain, as shown in Figure 44, differences appear in the 

hydrodynamic module. 
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First, fousing in the concrete bed installed around the weir gates and considering 

a value of the rougness coefficient, equal to 0.022 (corresponding to concrete) 

instead of  considering the previous value 0.035, the following results were found: 

Roughness 

coefficient 

Bed shear 

stress 

Velocity Free Surface 

0.035 (Prev) 260.10 6.82 19.31 

0.022 (Mod.) 134.84 6.87 19.28 
 

 

Table 11: Effect that the modification of the Manning's roughness coefficient value has on the main hydraulic parameters in an  

area where the concrete bed is built. 

As shown on Table 11 when considering a lower value of the roughness 

coefficient, as expected, the bed shear stress reduces its value, since concrete 

offers a smaller resistance to the flow field and, consequently, the velocity 

increases and the water depth decreases (same as the free surface does). 

Secondly, fousing in the flood plain area considering a value of the roughness 

coefficient, equal to 0.05 (corresponding to a higher grain size) instead of  

considering the previous value 0.035, the following results were found: 

Roughness 

coefficient 

Bed shear 

stress 

Velocity Free Surface 

0.035 (Prev) 0.31 0.11 21.79 

0.05 (Mod.) 0.33 0.07 21.80 
 

 

Table 12: Effect that the modification of the Manning's roughness coefficient value has on the main hydraulic parameters in a 

flood plain area. 

 



Master Thesis - Carlos Serrano Moreno 
 

89 
 

As shown on Table 12 when considering a lower value of the roughness 

coefficient, as expected, the bed shear stress reduces its value, since concrete 

offers a smaller resistance to the flow field and, consequently, the velocity 

increases and the water depth decreases (same as the free surface does). 

4.5.2 Different Manning's values defined in the river channel 

In order to analyze the effect that considering different roughness coefficients 

values in the main channel 2 different scenarios, were a higher and a lower 

valued of the Manning coefficient, were added to the simulation performed 

considering a value related to the averaged sediment size. 

Figure 45: Variation of the size of the scour hole when considering Different Manning's coefficient values in the 

main channel 
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As shown in Figure 45, the smallest size of the scour hole is obtained when the a 

higher value of the roughness coefficient ins considered. Even the simulations 

where performed considering a value of 0.035, corresponding to the averaged 

size of the sediment. If reliable information regarding the existence of vegetation 

on the river bed was available, it would be interesting to consider its effect by 

modifying the value of the roughness coefficient. 

4.6 Effect of Sediment Gradation 

Another interesting point that should be taken into account is the analysis of the 

sediment gradation of the river bed and the evolution of the concentration of the 

different sediment classes. The following table shows the river bed gradation 

information available from field surveys performed in Nakdong River.  

Class % Max diameter Min diameter Av. diameter 

Coarse Gravel 5 32 8 20 

Gravel 4 8 2 5 

Very Coarse Sand 11 2 1 1.5 

Coarse Sand 43 1 0.5 0.75 

Sand 24 0.5 0.25 0.375 

Fine Sand 5 0.25 0.125 0.1875 

Very fine sand 2 0.125 0.062 0.0935 

Silt 1 3 0.062 0.016 0.039 

Silt 2 3 0.016 0.004 0.01 
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Table 13: Sediment gradation in Nakdong River obtained from field observations. 

All this sediment classes are characterized by an average size implemented in the 

sediment transport module of TELEMAC and the concentration of each sediment 

class is also shown. 

In order to perform this simulation all the sediment classes are implemented in Sisyphe 

module. In the previous chapters the average sediment size from this gradation was 

used since it represented better the sediment in the whole erodible layer. Since in this 

simulation the whole gradation will be  implemented the evolution of the concentration 

will be observed during a few hours of simulation. The reason of using a short 

simulation time to analyze this effect is due to the fact that it is not possible to 

guarantee the same distribution along the vertical direction, then just the concentration 

changes on the superficial part of this erodible layer will be observed. This simulation is 

performed using the computational grid that defines the flood scenario and a constant 

discharge of 4000 m3/s considering 1-day of simulation. 
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Figure 46: Bed evolution after 1-day simulation reproducing the flood scenario considering the full sediment gradation 

curve of the river bed. 

Figure 44 shows the bed evolution obtained after the one-day simulation defined 

above. As well as in the previous cases the strongest erosion is observed after the 

weir gates as well as erosion in the upstream part can be noticed due to the 

flushing of the sediment. From these result three different areas where analyzing 

how the concentration of each sediment classes changes along time is interesting. 

The first area is the area where the scour hole appears just behind the weir gates, 

the second area is the one where the sediment eroded from the scour hole is 

deposited while the scour hole expands downstream. Finally the third area is 

placed in the upstream part of the weir gates and its analysis its interesting so as 
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to analyze the effect that the flushing of the sediment deposited in the upstream 

part of the weir has on the concentration of sediment.  

Class %, t = 0 %, t = 1 day 

Coarse Gravel 5 15.7 

Gravel 4 11.5 

Very Coarse Sand 11 19.3 

Coarse Sand 43 38.5 

Sand 24 12.2 

Fine Sand 5 2.3 

Very fine sand 2 0 

Silt 1 3 0 

Silt 2 3 0 
 

 

Table 14: Evolution of the sediment gradation around the scour hole formed behind the weir gates after 1-day simulation  of a 

flood scenario.  

As it can be seen in Table 12, the concentrations of each sediment class suffer a 

significant variation after the 1-day simulation is finished. On the one hand, he finest 

sediment categories like very find sand and silts are washed out, the other sandy classes 

also suffer a reduction on its concentration. On the other hand is it possible to notice 

that as the finest sediment particles are washed out, the concentration of the particles 

with a higher diameter increases since these are the only sediment classes that remain on 

the river bed. The result of the sediment concentration evolution around the scour hole 

offers a reasonable result: the river flow is able to mobilize the sediment classes that 

have a smaller size and offer less resistance to the main flow as well after this classes are 

washed out the concentration of the higher particles, the ones that can be found in the 

hole increases, creating an effect of an armored bed that will prevent erosion from 

getting deeper.  
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Class %, t = 0 %, t = 1 day 

Coarse Gravel 5 4.6 

Gravel 4 3.7 

Very Coarse Sand 11 10.6 

Coarse Sand 43 43.8 

Sand 24 27.2 

Fine Sand 5 6.9 

Very fine sand 2 2.7 

Silt 1 3 0 

Silt 2 3 0 
 

 

Table 15: Evolution of the sediment gradation around the scour hole formed behind the weir gates after 1-day simulation  of a 

flood scenario. 

The second area to analyze is the one located just after the scour hole. As seen on the 

bed evolution picture the material eroded from the scour hole is deposited there as the 

scour hole is expanding downstream.  

As show on Table 13, and same as observed in the previous case the finest particle of 

sediment are washed out even this is a deposition area. Regarding the sediment classes 

which diameter deals the coarse sand  concentration of all of them increase their 

concentrations due to the deposition of the material eroded in the scour hole upstream. 

In this area the result again seems consistent since the coarser sand fraction and the 

gravel classes  that were not eroded upstream reduce their concentration in this part due 

to the increase of deposited material of other sediment categories. 

The last area that must be considered is the part in front of the weir gates were flushing 

of sediment takes place due to the fact that weir gates are open. The concentrations 

shown on Table 14, show that the finest part of the sediment is washed out, same as in 

the other areas commented before.  On the other hand, all the classes with a size higher 



Master Thesis - Carlos Serrano Moreno 
 

95 
 

that fine sand increase their concentration since the flow is not strong enough to 

mobilize them and remain on the river bed.  

Class %, t = 0 %, t = 1 day 

Coarse Gravel 5 5.9 

Gravel 4 4.8 

Very Coarse Sand 11 12.7 

Coarse Sand 43 49.5 

Sand 24 25.2 

Fine Sand 5 1.7 

Very fine sand 2 0 

Silt 1 3 0 

Silt 2 3 0 
 

 

Table 16: Evolution of the sediment gradation in front of the weir gates after 1-day simulation  of a flood scenario. 

4.7 Prediction of future river bed evolution 

Once the scenario where erosion around Gangjeong weir has been identified and 

the description of the evolution of the scour holes has been analyzed it is 

important to predict the behavior of the scour holes in future. In order to 

analyze the future evolution of the scour holes that have been measured in reality 

and simulated through the model two different case studies will be considered.  
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Figure 47: River bed bathymetry considered in the planning phase. 

The first  one will be the high flow scenario shown in Figure 26, where a flow 

higher than 1000 m3/s takes place during 10 days. The second case will be the 

simulation of a scenario with a very high flow peak, shown in Figure 49 and 

registered in Seonju station in September 2002 where a peak discharge of 8500 

m3/s is observed. The comparison of these scenarios will be done by considering 

two different bathymetries as an initial condition.  
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Figure 48: River bed bathymetry obtained in the simulation of the scour hole. 

The first bathymetry, shown in Figure 45, is the one obtained from the planning 

phase, used in Section 4.2 to identify the effects that each scenario of the weir 

gates operation had on the river bed. Then the second bathymetry that will be 

used is the one obtained as a result of the steady flow simulation shown in Figure 

46. By using this bathymetry as an initial condition it will be possible to consider 

the existence of a scour hole behind the weir gates and to predict the effect that 

future flood might have on the river bed.  

4.7.1 Impact of a high flow scenario 

The first scenario that will be considered is the simulation of the 15-day flood 

shown in Figure 23 that was already used to check the effect that the operation 

of the weirs when the gates were fully open had on the river bed. As shown in 

Figure 47, when considering the initial bathymetry after construction the scour 

holes appeared after the weir gates, same as observed in the field survey.  
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Figure 49: Bed evolution after 15-day simulation reproducing the flood scenario considering the initial bathymetry 

from the planning phase. 

However, when the bathymetry where the observed scour holes are implemented 

is used as an initial condition the simulation of the river bed evolution offers a 

very different result. While as in the initial bathymetry that hydrograph had a 

huge effect near the weir gates, when the scour holes are considered, assuming 

that the rocky bed level has been exposed, the effect of this flood on the river 

bed level is not significant. As shown in Figure 48, considering that the scour 

holes observed in reality have removed all the erodible layer and the rocky bed is 

exposed no erosion is observed downstream.  
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Figure 50: Bed evolution after 15-day simulation reproducing the flood scenario considering the bathymetry where the 

scour holes behind the weir gates are implemented considering that the rocky bed is exposed. 

As a conclusion, considering that the actual bathymetry has exposed the rocky 

bed a flood where a discharge higher than 1000 m3/s takes place during more 

than 10 days and a peak of 2500 m3/s is considered there is no significant change 

on the river bed so the observed erosion problems are not increased.  

4.7.2 Impact of a flood with a high peak-discharge  

The second scenario considered is the simulation of the 15-day flood shown in 

Figure 49 that shows a slightly different flow hydrograph, where a maximum 

peak flood of 8500 m3/s takes place. 
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Figure 51:  Discharge registered in Seonju station in Sept. 2002. 

When the bathymetry where the observed scour holes are implemented is used 

as an initial condition the simulation of the river bed evolution offers a very 

different result. While as in the initial bathymetry that hydrograph had a huge 

effect near the weir gates, when the scour holes are considered, assuming that 

the rocky bed level has been exposed, the effect of this flood on the river bed 

level is not significant. As shown in Figure 50, considering that the scour holes 

observed in reality have removed all the erodible layer and the rocky bed is 

exposed no erosion is observed around that initial area. However, in can be seen 

that the incidence of the flow peak is still able to erode bed material increasing 

the lenght of the scour hole. Nevertheless, the erosion depth observed here, 

once the equilibrium scour hole is developed, is quite small compared to the size 

of the scour hole 
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Figure 52: Bed evolution after 15-day simulation considering a high peak-discharge. 

As a conclusion, considering that the actual bathymetry has exposed the rocky 

bed a flood where a peak discharge of 8500 m3/s takes place during 24 hours 

and a discharge higher than 4000 m3/s takes place during 3 days a relatively small 

enlargement of the scour hole is observed. Movement in the river bed is 

observed when the river discharge is higher than 3700 m3/s. 

4.7.3 Evaluation of future bed evolution under project design floods 

Apart from using registered past hydrographs to predict the future evolution of 

the river bed it is interesting to study the effect that some project design floods 

might produce in the bed evolution. In order to obtain this project design floods 
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the annual maximums of the daily discharge registered in Seonju station, shown 

in Table 15, are used to perform the statistical analysis.  

Year Annual Maximum (Daily discharge m
3
/s ) 

2001 7598.92  

2002 8568.16  

2003 5087.69  

2004 2580.67  

2005 7923.39  

2006 4794.46  

2007 2671.13  

2008 2590.58  

2009 2765.47  

2010 7728.26  
 

Table 17: Water surface elevation observations and boundary conditions used in the calibration. 

This annual maximums are used to obtain the project design floods for several 

return years periods. In order to perform this adjustment common statistical 

approaches are used and the results are compared to the discharge values 

available for Nakdong River. As shown in Table 16, three well-known statistical 

distributions are used to fit the available data offering a discharge value for 2, 50, 

10, 25, 50, 100 and 200 years return period. The distributions used are: Gumbel 

(1958), Log-Pearson III, Elderton (1953) and SQRT-ET MAX, Etoh et al. 

(1987). Comparing this approaches with the information provided by the 

Ministry it is possible to see that Gumbel distribution is the one that offers a 

result that is close to the available values. 
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Return-

Period 

Gumbel 

(m
3
/s ) 

Log-Pearson III 

(m
3
/s ) 

SQRT-ET MAX 

(m
3
/s ) 

Available Info 

(m
3
/s ) 

2 4830.82 4696.97 4462.00  

5 7240.03 7229.49 6647.87  

10 8835.14 9015.53 7931.16  

25 10850.56 11373.96 9994.76  

50 12345.71 13189.20 11660.77 12.400 

100 13829.83 15042.16 13427.63 13.800 

200 15308.52 16960.37 15299.46 15.200 
 

Table 18: Water surface elevation observations and boundary conditions used in the calibration. 

This design discharge values are the ones to perform 1-day steady flow 

simulations as done in the previous sections to analyze the effect that these 

floods might have in the actual bathymetry, considering the existence of the 

observed scour holes.  

 

Figure 53: Bed evolution after 1-day simulation reproducing the flood scenario considering the full sediment gradation 

curve of the river bed. 

A longitudinal view of the river bed is shown in Figure 51. Two solid lines define 

the initial bathymetry (just after construction) and the observed bathymetry 

(equilibrium phase). The dotted lines show the predicted evolutions after the 

design floods. Obviously, the higher the return period is the stronger the effects 
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on the river bed. It is important to point out that even erosion is still present the 

propagation of the scour downstream is not as significant compared with other 

effects that could be related to a several-years return period flow. This 

observation is coherent with the results pointed out when using available flood 

hydrographs, once the equilibrium scour hole is developed the remaining erosion 

is quite small compared to the size of the scour hole. 

4.8 Prevention of the expansion of the scour hole 

Thinking about a non-structural approach so as to find the most effective action 

to prevent the extension of the scour hole, we found out that this solution might 

be related with the operation of Dalseong Weir, situated 20 km downstream the 

study area. By keeping a high water surface elevation in this structure it would be 

possible to reduce the velocity of the flow in the downstream part of Gangjeong 

Weir, reducing the amount of eroded sediment and extension of the scour hole. 

This measure, however could be positive to mitigate the erosion of the river bed 

but the consequences that lowering down the flow might have in other aspects 

such as water quality or underground water levels must be considered too. 

In order to check  the efficiency of this suggestion Figures 54 and 55 show the 

differences in the bed evolution when considering the flood show in Figure 21 

and using two different values of the downstream boundary condition: an 

elevation of 16m and 16.5m will be considered. 
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Figure 54: Bathymetry after 15-day simulation reproducing the flood scenario considering a water surface elevation of 

16m in the downstream boundary condition. 

Comparing the different evolutions of the river bed shown in Figures 54 and 55 

it becomes easy to see the beneficial effect that keeping a higher water surface 

elevation by  the operation of Dalsung weir would have in order to prevent the 

expansion of the scour hole. When, as in Figure 55, the water surface elevation is 

higher; the expansion of the scour hole in the downstream direction, especially in 

the right hand side of the weir gates is reduced.  



Master Thesis - Carlos Serrano Moreno 
 

106 
 

 

Figure 55: Bathymetry after 15-day simulation reproducing the flood scenario considering a water surface elevation of 

16.5m in the downstream boundary condition. 
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Chapter 5. Conclusions  

Based on the results obtained from several numerical simulations of sediment 

transport and bed morphology for different operational scenarios of the gate at 

Gangjeong weir and the validations against the observations and Hoffmans' 

empirical formula, we can have following conclusions:  

1. The areas where erosion may take place can be identified from the 

simulation of the different operational scenarios. The low flow scenarios 

(Case 1, 3 and 4) seem to have a non-significant effect on the bed 

morphology.  

2. The highest change in bed morphology occurs when the gates are fully 

opened during flooding (Case2). A scour hole appears behind the weir gates 

and sediment flushing from the upstream area near the gates may occur too. 

3. A reasonably good agreement has been observed between the simulated 

result and the measured river bathymetry after construction. An scour hole 

is formed just behind the weir gates presenting a width of 100 m, 

corresponding with the width of the weir gates, and an extension of 250m 

in the downstream direction. The definition of the position of the rocky bed 

becomes crucial to identify the area affected by erosion. 

4. According to the time evolution of the scour holes, it has been seen that 

this mechanism qualitatively follows Hoffmans' theory, where a strong 

erosion of the vertical direction is followed by the longitudinal propagation 

of the hole to the downstream, as well as the amount of eroded sediment 

decreases reaching to an equilibrium situation. 
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5. Regarding the evaluation of future bed evolutions, the simulations using 

project design floods as well as observed hydrographs show that when 

taking into account the existence of the observed scour hole shows the 

propagation of the erosion downstream is not significant considering the 

size of the equilibrium scour hole. 

6. The most effective action to prevent the extension of the scour hole 

might be related with the operation of Dalseong Weir, situated 20 km 

downstream the study area. By keeping a high water surface elevation in this 

structure it would be possible to reduce the velocity of the flow in the 

downstream part of Gangjeong Weir, reducing the amount of eroded 

sediment and extension of the scour hole. This measure, however could be 

positive to mitigate the erosion of the river bed but the consequences that 

lowering down the flow might have in other aspects such as water quality or 

underground water levels must be considered too. 
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초록 

수공구조물 주변의 세굴 현상은 오늘날 수공학 분야가 다루는 주요한 문제 중 

하나이다. 세굴 깊이에 대한 과소평가는 구조에 심각한 문제를 일으키는 반면 

과대평가는 불필요한 건설 비용을 유발한다. 하지만 현재까지의 실험에 기초한 

세굴 예측 기법과 공식은 현장 조건을 재현할 만큼 정확하지 않다. 축적과 유체 

특성에 인해, 상사법칙을 만족하는 현장 조건을 실내모형에 반영해야 한다. 

하지만 전산유체역학(CFD)을 이용한 미지수 예측 방법은 실내시험보다 

물리적/운동적 제약조건이 적은 편이며, 다양한 설계 변수에 따른 계산을 

수행할 수 있고 준경험식에 비해 정확한 계산이 가능하다. 

4 강 정비 사업 공 후, 주  하천에 건  보 주변  퇴적ᆞ침식 

상 큰 제가 고 다. 

본 연 에 는 낙동강  강정보 주변  지 변  평가하  하여 

전산 체역학 프트웨어 TELEMAC  사 하 다. 수치 에는 강과 

조물  실제지 공간정보  반 하 , 측 료  경험식  

하여 그 결과  비 , 하 다. 

가  많  지 변 는 보 수문  전  개방 는 수 에 나타났다. 는 

수문 로 공   때문 다. 수치  한 계산결과   

실측  료가 치하 , 공  커니  프만 론  따랐다.  
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