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Abstract

Evaluation of Impacts from River Engineering
Measures at Nanjing Reach of Yangtze River

Daniel Håkansson and Marcus Palmquist

The demand of electric power has rapidly increased in 
China along with the financial development. High 
pollution rates have pushed the development towards 
more renewable energy generating alternatives. In 
recent years larger investments of hydropower- 
generated electricity have been to satisfy the increased 
demand.

Hydropower can cause non-energy related problems 
when implemented in a large scale. In this project the 
Nanjing Reach of Yangtze River was investigated 
through a hydrodynamic and sediment transport 
perspective. Nanjing Reach consists of two river 
branches and the upstream construction of the Three 
Gorges Dam has caused an imbalance of sediment 
composition that leads to an increasing difference of 
the diversion ratio between the branches. This is 
causing a problematic navigational situation for larger 
vessels along the north branch.

In this project non-submerged water diverting dykes 
were modelled using two-dimensional depth averaged 
finite element method to estimate the impact on the 
hydrodynamic and sediment transport conditions. The 
examination showed that engineering measures at the 
downstream part of the reach were more effective than 
structures at the front, when taking both
hydrodynamic and the more long-term impacts from 
sediment transport into account. Although the results 
of the sediment transportation are uncertain, the long- 
term consequences with investigated engineering 
measures can be concluded to have negative impact on 
the sustainability of the reach, however short-term 
improvements can be achieved.

Other factors such as stability, material use, economics 
and marine conditions were not treated in this project 
but are vital for a reliable solution.
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Populärvetenskaplig sammanfattning på Svenska 

Målet med detta examensarbete har varit att undersöka vilken inverkan utvalda åtgärder kan förväntas ha 
på vattenflödet och sedimentrörelser i en delsträcka av Yangtzefloden som går genom Nanjing. För att 
göra detta har en 2D-modell i mjukvaran SMS (Surface water Modelling System) byggts upp och använts 
för att utföra simuleringar med införda ledmurar. 

Nanjing är en stad i östra Kina belägen längs med Yangtzefloden och en av många växande industristäder 
i landet. Inom flodsträckan genom staden ligger Baguazhou Island, en större ö med många viktiga 
industrier på dess norra sida, vilka har ett stort behov av fungerande vattentransporter för export och 
import av gods. Stora delar av industrierna på norra sidan av Baguazhou Island riskerar dock att hämmas 
då vattennivån i flodgrenen sjunker med åren genom en pågående erosion- och depositionsprocess. Den 
huvudsakliga bakomliggande orsaken är de vattenkraftsdammar uppströms som hindrar ett naturligt 
sedimentflöde att fortgå, vilket leder till en situation där mer sediment förs bort än vad som tillkommer för 
nedströms områden. Då erosion sker i den södra flodgrenen, dvs. att sediment förs bort från botten, leder 
det dels till att mer vatten går där och dels till en sänkt vattennivå i den norra delen av flodsträckan. 
Processen blir därmed självförstärkande och trenden har varit att den årliga förändringen ökar sakteliga. 

För att bryta trenden har införande av betongstrukturer i form av ledmurar diskuterats. Aktuella områden 
har varit vid förgreningen av floden och området där grenarna återförenas. Olika längder och vinklar har 
undersökts för båda områdena. Därtill har de bästa alternativen i båda områdena kombinerats för 
ytterligare förstärkt effekt. Utvärderingen har delats upp i två delar: i den första undersöks endast 
hydrodynamiska aspekter, dvs. vattenrörelser och vattennivåer, medan den andra delen tar hänsyn till 
påverkan på sedimentrörelser. Resultatet av den hydrodynamiska modelleringen gav att en betydande 
förbättring kan åstadkommas genom ledmur i båda områdena. För att bedöma inverkan på vattenflödet har 
andel vatten som går i södra respektive norra grenen studerats. Utan påverkan av ingenjörsingrepp visade 
modellen att 13.7 % av vattnet gick i norra grenen vid medelhögt vattenflöde. Den mest effektiva 
ledmuren i förgreningen gav ett förbättrat flöde med 6.6 procentenheter medan motsvarande ledmur för 
området där grenarna återförenas gav en förbättring på 9.3 procentenheter. 

Simuleringarna av sedimentflödet som utfördes bör betraktas med försiktighet då problem med 
beräkningsstabiliteten påverkade arbetet, något som ledde till att kalibreringsresultatet inte var så bra som 
önskat. Dock kan viktiga trender utläsas i hur vattenflödet påverkas av det förändrade rörelsemönstret av 
sediment som införandet av ledmurar orsakar. Den positiva effekten på vattenflödet med mer vatten i 
norra grenen avtar mer eller mindre snabbt för samtliga undersökta alternativ. En viktig slutsats som 
kunde dras var att området nedströms där grenarna går ihop är klart bättre då den negativa inverkan från 
sediment transport är klart mindre med den placeringen av ledmuren. 

Arbetet som genomförts ska ses som ett första steg i en förundersökning för att förändra utvecklingen 
kring Baguazhou Island. Ingen hänsyn har tagits till stabilitet på ledmurarna, eventuell inverkan och 
intressekonflikt med navigationsmöjligheter eller ekonomiska aspekter. Från slutsatserna dragna av 
resultatet avråds det dock från att gå vidare med undersökta lösningar då ingen av dem är hållbar över tid. 
Om situationen för industrierna bedöms tillräckligt kritisk och på så vis ändå ekonomiskt motiverar ett 
ingrepp i syfte att ge industrierna tid att flytta verksamheten bör området där flodgrenarna går ihop 
användas för att ge största möjliga förbättring över tid. Om detta är aktuellt måste dock hänsyn tas till 
ovanstående aspekter som tidigare lämnats utanför i detta arbete, vilket skulle kunna påverka vilken 
lösning som är mest lämpad.  
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Nomenclature 
p Pressure [Pa]  

" Viscosity [Pa∗s]!

ρ  Water density [kg/m3] 

V  Volume [m3] 

V  Vector of velocity in x, y and z direction [m/s] 

A Area [m2] 

z Vertical direction 

H Water depth [m] 

zb Bed elevation [m] 

zw Water surface elevation (WSE) [m] 

u Horizontal velocity in the x coordinate direction [m/s] 

v Horizontal velocity in the y coordinate direction [m/s] 

U  Depth averaged velocity in the x coordinate direction [m/s] 

V  Depth averaged velocity in the y coordinate direction [m/s] 

β Isotropic momentum flux correction coefficient for variation of vertical velocity 

g Gravitational acceleration [m/s2] 

τ Shear stress [Pa] 

q Discharge flow rate [m3/s]  

n Manning’s roughness coefficient 

cf Bed friction coefficient [-]  

η Bed porosity [-] 

Ke Erosion factor 

Wsi Terminal fall velocity 

Ss Specific gravity of sediment 
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1.#Introduction#

The objective of this thesis has been to provide knowledge about expected impacts from certain river 
engineering measures at Nanjing Reach. The problem situation in short is an annually increasing 
diversion ratio between the two branches caused from the fluvial process. Chapter 1 aims to explain the 
circumstances as well as put the problem in a wider context before more thoroughly describing the 
purpose and objective of this particular thesis (section 1.2). 

1.1#Background#

China has the world’s largest population with 1,35 billion people and the second largest economy in the 
world (World Bank 2014). The past ten years the GDP has been growing annually at around 7 % and is 
expected to continue to grow steadily (Asia Studies 2014). 

A large and increasing economic activity is closely related to rising energy consumption and has led to a 
huge expansion of power generation plants. Wang and Chen (2010) provide an overview of the expansion 
of electrical production, presented in Figure 1. Although China has been investing heavily in renewable 
energy compared to historical investments, the expansion of coal power plants is what has enabled the 
large increase in energy usage. Lately, the air pollution caused by the coal plants has been given more 
attention in China. Also the issue of global warming put more pressure on China to reduce its use of fossil 
fuel. To lessen the smog and the carbon dioxide emissions, the access to carbon free electricity 
production, mainly hydro-, wind-, solar- and nuclear power, will be critical (Wang and Chen 2010).  

 

Figure 1. Annual increase and total installed capacity of carbon free electricity generation (Wang and Chen 2010). 

 #
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1.1.1#Hydropower#in#China#

The subject of this thesis is river management of the Nanjing reach in Yangtze River. In general, several 
reasons lay behind the need for river management, flood control and hydropower are two main factors. 

China has a long history of hydropower, the first known hydropower plant was installed 1882 in the 
Shanghai area and the first commercial plant was built 1949 (Wang and Chen 2010). Regarding giant 
hydropower stations, more than half of the projects over the world have been executed in China. 

Huang and Yan (2009) report a technical potential for hydropower that is 402 GW and 1750 TWh/year. 
The installed capacity (2007) corresponds to 145.26 GW of the economically and technically feasible 
hydropower to be exploited within the country. The same year, the Chinese hydropower production was 
13.3 % of the total electricity production from hydropower in the world. However, it only corresponded 
to 15 % of the domestic electricity production (Wang and Chen 2010). 

Further on, Huang and Yan (2009) describe that the main purpose for hydropower plants and the 
associated dam is to produce electricity. In some events flood control and irrigation are the purposes of 
dam constructions.  

China has developed a hydropower medium and long-term plan containing 13 larger bases for 
hydropower in suitable locations presented in Figure 2 below (HydroChina 2006). The plan is to expand 
the power capacity of Chinese hydropower to 300 GW in 2020 (Huang and Yan 2009). Of the 300 GW, 
large and medium hydropower plants are expected to produce a large share, namely 225 GW. 

The biggest hydropower project until today is the Three Gorges Dam that was built along Yangtze River 
(Huang and Yan 2009). The area studied in this thesis is the Nanjing Reach, which is situated in the lower 
reaches downstream from the Three Gorges Dam. The problem situation is presented more thoroughly 
under the following headlines. 

 

Figure 2. Plan for future development areas of hydropower in China (HydroChina 2006). 
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1.1.2#Fluvial#Processes#

1.1.2.1$Yangtze$River$
Yangtze River is China’s longest river and the third largest in the world in terms of water discharge and 
length, expanding over 6300 km (Luo et. al. 2012).As seen in Figure 3, the river origins from mid-west 
hinterland of China and discharge into the East China Sea close to Shanghai (Suo et. al. 2012). The river 
streams through 11 provinces, autonomous regions or municipalities, including Nanjing, and its 
tributaries contribute to water flows in 8 others. In total, the Yangtze River has a drainage area of 1.8 
million km2, which corresponds to 18,75 % of China’s land area. Its sediment composition mainly 
consists of medium to coarse sands and gravelly sand (Wang et. al. (2009). Also fine sand could be found 
locally. The river is also hosting the world’s largest hydropower site, The Three Gorges Dam which 
controls as much as 55 % of the drainage area (Tullos 2009).  

 

Figure 3. The area affected by the construction of the Three Gorges Dam. The grey area is indicates the area of which the 
precipitation is collected at the dam. The outer circle highlights the reach of the planned power transmission from the power 
plant (Suo et. al. 2012).  

Constructions of dams change the hydrodynamic and sediment characteristics of the river. Usually the 
reservoir traps sediment, a fact that may cause impacts downstream of the river such as increased erosion 
(IHA 2014). Even before the Three Gorges Dam was built, the sediment flow in the middle and lower 
reaches of Yangtze River had been highly affected from hydropower projects, decreasing the annual 
discharge of sediments by about 60 % (Xu and Milliman 2009). The middle and lower reaches had also 
turned from areas where sediments were disposed to ones where sediments where eroded from. After the 
instalment of Three Gorges Dam, located in the middle of the circles in Figure 3, the sediment flow 
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downstream has been reduced even further. Xu and Milliman (2009) conclude this to put more pressure 
on the lower reaches of the Yangtze River already suffering from erosion. 

1.1.2.2$Nanjing$Reach$
Nanjing Reach is one of the most intense reaches in the middle and lower region of Yangtze River. The 
reach divides into two parts within the city of Nanjing (Figure 5). As indicated from the scale of the same 
figure, the length of the studied area along the south branch is almost 10 km. The length of the north 
branch alone is about 21 km, which is 2.1 times longer than the south branch. The average width of the 
north and south branch is 788 m and 1170 m respectively. The magnitude of the south branch is 
illustrated in Figure 4 below.  

 

Figure 4. Nanjing Reach, south branch, Yangtze River (Håkansson 2014). 

Along Jiajiang River (the north branch) many industries are located and in need of water for their 
operations, in particular transportation of produced goods (Zhang et. al. 2011). Zhang describes the area 
as very important for the economic activity in the region and that several industries have expressed a need 
to expand their wharfs.  
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Figure 5. Nanjing Reach, Yangtze River (Google Maps 2014) 

As a result of a lowered riverbed in the south branch, the water level in the north branch also gets lowered 
which decreases the water flow through this part. The bathymetry at the time of measurement (2011) is 
shown in Figure 6 below. It can be seen that the bathymetry is significantly different between the north 
and south branch where the south one is deeper.  

 

Figure 6. Riverbed elevation of Nanjing Reach visualised in SMS. 
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The Nanjing reach has a history of management engagement. In 1985 a project was launched to protect 
the entry of the north branch. It can be seen in Table 1 that the project had some success although the 
diversion ratio of the north branch was still decreasing. 

Table.1 North branch's diversion discharge ratio and annual average decreasing rate (Zhang et. al. 2011) 
Year Left/North Branch's Diversion 

Ratio (%) 
Time (years) Diversion difference (% 

units) 
Annual average decreasing rate (% 
units) 

1958 22.0 
28 6.5 0.232 

1986 15.5 

14 1.6 0.114 

2000 13.9 

7 1.2 0.171 

2007 12.7 

3 0.6 0.200 

2010 12.1 

 

The construction of Three Gorges Dam resulted in a change of upstream flow from and sediment 
conditions of Nanjing Reach in recent years. As a result of the Three Gorges Dam the river contains less 
sediments, which leads to a situation where more sediments are carried away than what is entering the 
Nanjing Reach. The effect of this is that the riverbed in the south channel is lowered which leads to a 
lower water level. In turn, this is causing more water to flow through the south branch and decreasing the 
water level of the south branch further. 

This is a problem since the diversion ratio between the branches is increasing. The fact that the effect is 
reinforcing put a threat over the situation to become severe. In the long term it will lead to lacking water 
supply for the industries if no measures are taken. This thesis has analysed the hydrodynamic situation 
and evaluated the impact of a structure to change the water flow considering both hydrodynamic 
conditions and sediment transportation. 

 

 #
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1.2#Purpose#&#Objectives#

Purpose 
The project was carried out in the context of cooperation between China and Sweden within the 
hydropower sector. Thus, the purpose of this thesis has been both to contribute to the on going research 
and to maintain and develop the Chinese and Swedish cooperation. 

The scientific contribution is an assessment of the impact and sustainability of conventional river 
engineering measures at Nanjing Reach. The conclusions and recommendations drawn from the 
performed simulations act as a foundation for further research work and will serve as guidelines for 
strategic decisions regarding actions in the river management of the Nanjing Reach.  

The Swedish parts for several years are, except different Swedish Universities, Elforsk and Vattenfall AB. 
This thesis was performed as an exchange at Hohai University in Nanjing, China, and contributed to 
broadening these contacts, since it was the first time Hohai University hosted students through this 
cooperation. Hohai is a University specialised on issues of river and ocean, mainly engineering but also 
economics and law. Hosting the authors of this report was a first step in an effort to get international 
contacts and increase the exchange with Universities from abroad. The exchange was also a way of 
improving the knowledge of the authors of this report within the hydropower sector and to attain practical 
competence in modelling and river management. Except for presenting the results of the objective, the 
report will also serve as guidance for future students that may do similar work. 

Objective 
The objective of this project was to evaluate the impact of conventional river engineering measures in 
Yangtze River at Nanjing reach. The principal aim was to put together a solution of one or two dykes to 
change the annual decrease in discharge ratio in the north branch and examine the effects on the 
hydrodynamics. The sediment transportation pattern was studied to provide an idea of the river evolution 
in the future, that is, to assess if the achieved hydrodynamic improvement will be sustainable over time or 
not.    

The task was divided into two parts: 

1. Hydrodynamic simulations with a conform 2D-model, calibrated against measurement data, to 
evaluate what impact that can be expected from suggested river engineering solutions.  

2. Sediment transport simulations with a dynamic 2D-model, calibrated against measurement data, 
to evaluate expected impact from the different dykes and assess the long-term sustainability of the 
solutions.   



UPPSALA UNIVERSITET Evaluation of Impacts from River Engineering Measures at 
Nanjing Reach of Yangtze River 

 

13 

1.3#Content#

Chapter 1 provides a general background and introduce the specific problem that has been examined. 
Chapter 2 describes relevant and applied theory while Chapter 3 explains the approach and procedure of 
the work performed. Section 3.2 is written in high detail to provide support to students or others that will 
do similar work in the future. Readers only interested in the result may go through this part very briefly. 
Chapter 4 present the calibration results for the different hydrodynamic situations and the sediment 
transport. Chapter 5 and 6 presents the simulation results of the hydrodynamics and sediment transport 
respectively with river engineering measures implemented. For both chapters, relevant discussion is 
following the results. Chapter 7 contain the conclusions and recommendations drawn from the 
hydrodynamic and sediment transport results.  
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2.#Applied#Theoretical#Framework#

 

2.1#Physical#Background#

Hydrodynamics 
In order to evaluate the impact of engineering measures on any water flow, knowledge must be obtained 
about the hydrodynamics of the studied river. Hydrodynamics is the physics of liquids in motion and the 
main properties needed to create a valid model are the bathymetry of the reach, water depths and velocity 
distributions of the water. For compliance to reality it is also preferable to have knowledge about what 
materials that makes up the bed. Other factors do however also affect the flow resistance with water depth 
such as submerged vegetation and different discharge levels.  

To improve the diversion ratio between the north and south branch physical properties such as 
bathymetry, water depths and velocity distributions provide important information of the hydrodynamic 
conditions that are necessary to evaluate what improvement a diversion dyke can cause.   

Sediment Transport 
An idea about the long-term development can be obtained from studying sediment transportation at the 
river reach. This is especially interesting in this case since the problem is the fluvial process that leads to 
a decreased ratio of water into the north branch. Sediment transportation is caused by the shear stress on 
the riverbed from moving water. The magnitude of the shear stress is linked to the velocity of water (see 
equation 11-14 below). The particles of the bed material will move if the shear stress exceed the critical 
stress needed to set grains in motion (Yalin 1992). What level of shear stress that is critical is determined 
by the size and density of the particles. The way of transportation of grains that has been detached from 
the riverbed can be divided into two categories, that is bed load and suspended load. Bed load is the 
transportation mode where the grain movement consist of rolling and jumping particles close to the 
riverbed. Suspended load considers sediment particles that get carried away from the bottom and are 
diluted in water not as close to the riverbed. 

Simplifications 
As the concept of modelling implies, several simplifications have been made. Physical properties that 
have been left out in the work of this thesis are forces caused by wind and the rotation of the planet 
(Coriolis Effect) as well as tidal factors since they have negligible impact on the result. Water mass 
density, ρ, is considered to be constant in the modelled region. For sediment only non-cohesive particles 
are considered which means that clay is left out. According to recommendations from supervisor, this is 
necessary due to the difficulties in determining the movement of clay and therefore to describe it 
mathematically. For the studied reach this is a valid simplification since the riverbed consists mainly of 
sand and gravel. 

The water flow field is in general highly dependent on the bed form, which in turn affect the sediment 
movement (Lizano and Laura 2013). There are three main bed forms appearing when quasi-uniform flow 
is present (Yalin 1992). Quasi-uniform flow is caused by structures of turbulence in the flow or by waves 
on the surface. The most common bed forms are antidunes, dunes, and ripples. However, from studying 
the model output there is nothing that implies that these patterns are recreated. 
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Except the above physical factors, other important external factors that not have been encountered in this 
study are the stability and economics of the dykes. For an engineering measure to be implemented it is 
necessary to know whether it is stable or not. Thus, the results of this study need to be supplemented with 
such study before any decision are taken. Economical factors such as cost of the dyke and gain from the 
improvement also need to be considered before proceeding.  

2.2#Mathematical#Description#

2.2.1#Physical#Approach#

Hydrodynamics is the concept that studies water and its movement and can be described in mathematical 
equations as a function over time and space (Nationalencyklopedin 2014). The Navier Stokes equations 
are a differential form of Newton’s second law that is applied to momentum preservation of fluid 
elements in motion (Crowe et. al. 2010). The equations consist of non-linear partial differential equations 
regarding the forces acting on a small arbitrary part of the fluid, a control volume. Important forces to 
consider for hydrodynamic applications are the pressure force, gravitational force and viscous force 
(Finnemore and Franzini 2002). To fully describe the dynamics of fluid motion, the Navier Stokes 
equations are combined with conservation of mass. 

Momentum Equations  
For Newtonian fluids, the Navier-Stokes equations can be simplified to the following in the three-
dimensional case, using Cartesian coordinates (Finnemore and Franzini 2002):  

−!!! + !(!!!! + !!!! + !!!!)+ ! = !! !!! + !"!! + !"!! + !"!!  (1) 

−!!! + !(!!!! + !!!! + !!!!!)+ ! = !! !!! + !"!! + !"!! + !"!!  (2) 

−!!! + !(!!!! + !!!! + !!!!)+ ! = ! !!! + !"!! + !"!! + !"!!  (3) 

where: 

u,v,w= fluid velocities in x, y and z direction respectively 

t= time 

p= pressure  

"= viscosity!

X,(Y,(Z(= external forces 

The left-hand side of the equations describes forces on the control volumes that are pressure, viscosity 
and external forces for which the external forces depend on the situation. The right hand side of the 
equations describes acceleration of the fluid (Finnemore and Franzini 2002). 
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Continuity equation 
The continuity equation describes the conservation of mass by analysing the flow of mass through a 
control volume of fluids. The general form is obtained by combining the properties of mass and Reynolds 
transport theorem (Crowe et. al. 2010): 
 

!
!" !"#!" + ! !! ∗ !"!" = 0    (4)  

where: 

ρ = water density 

V = control volume, consisting of vectors in x, y and z directions) 

V = vector of velocity in x, y and z direction 

A = area of the control surface 

The first term however describes the rate of mass change within the control volume. Since the fluid is 
considered incompressible, that is constant ρ, the continuity equation then reduces to: 

!! ∗ !"!" = 0     (5) 

 

2.2.2#2DHDepth#Averaged#Method#

The 2D-Depth averaged method is based on the concepts of conservation of momentum and mass that 
were presented in the previous section. However, the general Navier-Stokes equations are long and 
complex and in many cases knowledge of the full three-dimensional hydrodynamic characteristics is 
redundant (Froehlich 2003). It is often enough to know about depth-averaged flow quantities acting in 
two perpendicular horizontal directions when dealing with normal rivers, something that significantly 
lowers the computational cost. All equations presented in this work refer to a standard Cartesian 
coordinate system. 

There are two different approaches available to calculate the sediment transport in 2D modelling, the 
uncoupled and the coupled. The uncoupled approach calculates the hydrodynamic equations and sediment 
movement separately using different sets of equations while the coupled approach solves the problem 
simultaneously in a single equation system (Serrano-Pacheco et. al. 2012). The uncoupled approach is 
commonly used because of its low computational cost and also has the advantage that it is easily 
implemented in the code used for hydrodynamic calculations. However, there are some limitations 
following the uncoupled method that has been pointed out by Serrano-Pacheco et. al. (2012). Ignoring the 
interaction between unsteady hydrodynamic effects (i.e. the coupled effect) means that impacts of rapidly 
varying flows that contains shocks and discontinuities are not properly described. However, it is 
concluded that a quasi-steady (uncoupled) approach can be used without any significant errors for 
scenarios where riverbeds are interacting slowly with the water flow. This validates the semi-coupled 
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method used in this work (see 2.3 for further explanation of the concept) since the flow conditions are 
considered to change slowly.  

2.2.2.1$Hydrodynamic$Equations$
The Depth-averaged velocity components in horizontal x and y directions, respectively, can be described 
as follows: 

! = ! !! !!!"!!
!!      (6) 

! = ! !! !!!"!!
!!      (7) 

where:  

z = vertical direction 

H = water depth 

zb= bed elevation 

zw = zb + H = water surface elevation (WSE) 

u= horizontal velocity in the x coordinate direction 

v = horizontal velocity in the y coordinate direction. 

 

To derive equations that are describing depth-averaged surface-water flow three-dimensional momentum 
and continuity equations are integrated with respect to the vertical coordinate from the bed to the water 
surface.  

Derived from equation 1-3, equations describing momentum transport in the x- and y-directions, 
respectively, are: 

!!!
!" + !

!
!" ! !!!

! + !
!
!!!

! + ! !!" ! !!!!
! + !" !!!

!" + !
!
!
!!!
!" − !Ω!! + !

!
! !!" − !!" − ! !!!!

!" − ! !!!"
!" = 0!  (8) 

and 

!!!
!" + !

!
!" ! !!!

! + !
!
!!!

! + ! !!" ! !!!!
! + !" !!!

!! + !
!
!
!!!
!" − !Ω!! + !

!
! !!" − !!" −

! !!!"
!" − ! !!!!

!" = 0  (9) 

 

where: 

β = isotropic momentum flux correction coefficient for variation of vertical velocity 

Ω= coriolis parameter (set to zero for all calculations) 
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g = gravitational acceleration 

Pa = atmospheric pressure at water surface 

τbx and τby= bed shear stresses acting in the x and y direction 

τsx and τsy = surface shear stresses acting in the x and y directions 

τxx, τxy, τyx, and τyy = shear stresses caused by turbulence 

For q1and q2 = see equation (11) and (12) below. 

 

From equation (5), the vertically integrated continuity equation is derived to: 

!! != !!!
!" + !

!!!
!" + !

!!!
!"      (10) 

and 

q1 = U x H = unit flow rate in the x-direction   (11) 

q2= V x H = unit flow rate in the y-direction   (12) 

qm= mass inflow rate (defined positive) or outflow rate (defined negative) per unit area  

Figure 7 below exemplifies a velocity profile, which is depth-dependent. In 2D-Depth averaged 
calculations vertical velocities and accelerations are considered to be negligible.  

 

Figure 7.Illustration of the depth dependence of the velocity profile. 

2.2.2.2$Bed$Shear$Stresses$
To include turbulence effects of the fluid flow caused by friction, roughness parameters need to be taken 
into account. In our case the shear stress of the riverbed is the most important. 2-Dimensional components 
of bed shear stress are computed as follows (Froehlich 2003): 

!!" = !!!!!!
!! !!!!!!!

!!   (13) and!!" = !!!!!!
!! !!!!!!!

!!   (14) 

for the x and y components respectively. 
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mb  corresponds to change in shear stress caused by slopes in the bed and is calculated as below, 

!!! = ! 1 + !!!
!"

!
+ !!!

!"
!
     (15) 

And cf  is a dimensionless bed friction coefficient computed as shown in equation (16). 

!! = !!!
!!!!!/!

      (16) 

  

As before, H is water depth while Φ is a conversion factor that equals1.0 when SI units are applied. 

n= Manning’s roughness coefficient and was the main parameter that was adjusted to achieve compliance 
between the model and measured data. 

2.2.2.3$Sediment$Transport$
To model sediment transportation, the riverbed was divided into three different layers (Figure 8) and their 
composition assigned by setting the concentration of all the different grain sizes (Froehlich 2003). 

 

Figure 8. The basic concept of sediment layers used in the numerical model. 

The active layer limits the amount of sediment that can be transported within each time step of the 
calculation and have a constant thickness. Depending on whether erosion or deposition occurs, the layer is 
comprised by material from the original bed or from deposited sediment.  

The change in bed elevation from erosion and deposition is determined from the sediment continuity 
equation (Froehlich 2003): 

1− ! !!!
!" +

!!!!
!" + !!!!

!" = 0    (17) 

where 

η = bed porosity 

q1s, qs2= sediment discharge in the x and y direction respectively 
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The weighted sediment concentration is calculated as: 
 

!(!!"!)
!" + !!(!!"!!)!" + !(!!"!!)

!" = !!!"(!!"∗ − !!")   (18) 

where 

Csi= discharge weighted sediment concentration for the ith particle class 

Csi
* = total sediment concentration calculated with Engelund-Hansen transport formula (see equation (19) 

below) 

Ces = bed mass flux rate given determined from the conditions below 

!!" = !!!!"!!"#!!!"∗ !!!"
!!"!!"#!!!"∗ !!!"

  

where 

Ke = erosion factor 

Wsi = terminal fall velocity  

The total sediment transport can be calculated by different empirical formulas provided with the module 
used for numerical computation (FST2DH, see 2.3 below). All of them provide discharge-weighted 
sediment concentrations that apply to equilibrium conditions, i.e. sediments leaving the bed through the 
outflow boundary enters again at the inflow (Froehlich 2003). Along with the supervisor’s 
recommendation to use of Engelund-Hansen formula, a brief performance study on the different formulas 
was made. The comparison showed that Engelund-Hansen gave the most reasonable output in terms of 
sediment movement pattern as well as erosion and deposition magnitudes. This motivates the use of 
Engelund-Hansen formula that was undertaken for all further simulations in this thesis. 

The Engelund-Hansen Formula: 

!!"∗ = 0.05
!!!! !!!!

!
!!
!∗

!
!∗!!.!    (19) 

where 

Ss= ρs/ ρ = Specific gravity of sediment 

Di= Diameter of sediment particles 

Us= depth averaged velocity in the stream wise direction 

τ*i= dimensionless bed shear stress calculated based on the total bed shear stress determined in equation 
(13) and (14). 
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In this work, physical parameters mentioned in this section were left at their default value where such 
existed. The only exception to this was the erosion factor, Ke, and particle diameters, Di, that were 
adjusted during calibration.   

 

2.3#Numerical#Model#(FESWMS)#

To solve the governing equations described above the two-dimensional depth-averaged Flow and 
Sediment Transport (FST2DH) module from the Finite Element Surface-Water Modelling System 
(FESWMS) was utilized. FST2DH numerically solves the equations through an iterative process using 
the Galerkin finite element method (Froehlich 2003). 

Some different options are available in FESWMS when simulating the hydrodynamics and sediment 
transportation. The type of calculation performed will be decided by the choice of either hydrodynamic, 
sediment or a combination of them called semi-coupled. Added to that, the riverbed could be either 
conform (steady state) or dynamic.  

For the hydrodynamic modelling the steady state in combination with the hydrodynamic computation was 
used.  

For sediment transport a dynamic, semi-coupled approach was implemented. The dynamic setting allows 
the user to calculate the chosen equations in a time series with predefined time steps, for instance over a 
year with 2h time step as in the calibration of the sediment model. The semi-coupled setting enables the 
hydrodynamic calculations to consider changes in the riverbed that occur between each time step due to 
sediment transport. Each time step starts by calculating the hydrodynamic equations and is followed by 
the sediment transport. This procedure is repeated until the simulation is completed.  

 #
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3.# Methodology# of# Hydrodynamic# and# Sediment# Transportation#

Modelling#

3.1#Collection#of#Background#Information#and#Theory#

Literature studies of scientific reports were undertaken in order to collect background information, 
knowledge necessary to understand the problem situation and the physical process. Primarily, Science 
Direct was the database used to obtain the reports that discuss issues relevant to the project. Local 
information about Nanjing Reach and the problem situation was mostly obtained from unpublished 
material provided by the supervisor. 

The theory necessary to describe the physical process and the simplifications and assumptions made when 
implementing it in the mathematical model was collected from different textbooks on the subjects, the 
SMS and FESWMS manual and different papers that look into details of different parts of the concept. 
Besides support from our supervisor, master- and PhD students at Hohai University assisted along the 
work progress. 

3.2#Data 
Hydrological and sediment data used to create the models were provided by supervisor. The 
measurements were carried out and compiled by the Nanjing Hydraulic Research Institute, which since 
2001 is a national non-profit research institution for the public service (NHRI 2014). The measurement 
technique was Acoustic Doppler Current Profilers (ADCP) that utilizes reflecting sound signals. Post 
processing of the measurement data included offset corrections, sound speed corrections and water level 
corrections. All were performed by NHRI in the same way as described by Dai (2001) according to 
supervisor. Some additional treatment (removal of outliers) was done while generating the meshes used in 
this work. 

The data used for the hydrodynamic part was spatial elevation data of the Nanjing Reach, cross section 
discharges, water velocities and water surface elevations (WSE). The spatial elevation data were given in 
GIS-format (shape-files) that was imported to SMS. The shape-files contained approximately 6500 
survey points (each point associated to a coordinate and elevation) and contour lines created from these 
points. The hydrological data was given as Excel files (originally in Chinese). Data for velocity and 
discharge was provided for 7 cross sections distributed over the reach as shown in Figure 9. WSE were 
measured at some of the cross sections and were interpolated from measurement points close by when it 
was not. For the sediment transport modelling, data of bed composition in terms of grain seizes for bed 
and suspended load were added to the existing hydrological data. Also, bathymetry measurements from 
two different years were utilized to validate the accuracy of the model. All data sheets have been 
translated into English and can be found in Appendix A1 and A2.  
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Figure 9. Water flow schematics at the studied reach. All cross sections (B1-B7) used for observations and boundaries are 
visualized. 

 
The hydrological data set consists of measurements from two different periods. Both were carried out 
during periods of stable discharge were the difference was the level of discharge. One period it was 
considered a low flow period and the other one as medium. However, all the data for each period could 
not be collected at the same time due to unknown limitations and thus both data sets contain observations 
from two consecutive dates. As a consequence, even though the flow was stable, this adds further 
uncertainty to the already existing measurement errors. The discussion of this issue is expanded in section 
5.3.1.2 (discussion of results). 

3.3#Model#Set#Up#

In this section the model set up will be described briefly. In short a model was created in SMS, calculated 
in FST2DH and calibrated against obtained values from the measurements. 

3.3.1#The#Software#
Surface-water Modelling System (SMS) was used to create a geometrical model. SMS provides a 
graphical interface and different analysis tools that allows the user to create surface water models 
(Aquaveo LLC 2013). For computing, the two-dimensional depth-averaged flow and sediment transport 
module (FST2DH) from the Finite Element Surface-Water Modelling System (FESWMS) was utilized. 
FST2DH numerically solves the governing equations (8-10) presented in section 2.2.2.1 through an 
iterative process (Froehlich 2003).  
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3.3.2#Generating#the#Mesh#

Creating a mesh in SMS consists of several steps. To start with, a Triangular Irregular Network (TIN) 
was formed from the spatial elevation data imported to SMS as a shape-file. Outliers were removed (for 
instance, points corresponding to an elevation level of a crossing bridge). The network was then edited to 
make the calculated contour lines better match with those created from the measured elevation points to 
improve the TIN-data’s emulation of the real river topography. 

Next step was to create a 2D-mesh based on the TIN-data. The mesh contains the elements that later on 
are used in calculations. Each element describes coordinates in three dimensions (where elevation is the 
mean elevation of element nodes) and Manning’s roughness coefficient. When creating a mathematical 
model the size of the elements determines how precise the calculation will be. Although making a mesh 
of infinitely many elements will give a better accuracy of the result due to improved emulation of the 
bathymetry it has to be weighed against the time needed for calculations, since more elements demands 
more calculations. To optimize this dilemma, smaller size elements were applied where the bathymetry 
changed rapidly while areas of more constant elevation were assigned larger elements. Sizes of the mesh 
elements in the models used varied from approximately 30x30 m2 to 80x120 m2 for the hydrodynamic 
model and 70x70 m2 to130x130 m2 for the sediment transportation model. 

Quadratic and Linear Elements 
An important difference between the hydrodynamic and sediment transport models is what type of 
elements that could be used. For hydrodynamic simulation, quadratic elements containing 8 nodes (9 
points also available) were used. Every node then consists of the correct bed elevation after interpolation 
to scatter data. However, for sediment transport simulation only linear elements were available. This 
means that only the four corner nodes contain true bed elevations and the other nodes are assigned a value 
interpolated between those values (note the difference compared to quadratic where each node are 
assigned true values). Because of this drawback, linear elements do not describe the bathymetry as 
accurate as quadratic. An illustrative example can be seen in Figure 10. 

 

Figure 10. Illustrationof the difference between quadratic (red) and linear (blue) elements. 
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As a result, elements were aimed to be placed in positions so that a vastly poor mesh where lots of the 
riverbed elevation information gone missing was avoided. However, even when trying to avoid such 
errors, a mesh consisting of linear elements will provide a worse emulation of the bathymetry. 

3.3.3#Boundary#Conditions#

The boundaries are used to define what happens at the edges of the model. Three different boundaries 
were used: 

1. Flow discharge (upstream cross section (B1), open boundary) 
2. Water elevation level (downstream cross section (B7), open boundary) 
3. Reflecting boundaries (sides of the channel, closed boundaries, slip at boundary 

allowed). 

In theory, the velocity is zero in contact with a boundary and small at a distance close to it. Since the 
boundary of the velocity profile (<decimetres) is very small compared to the size of the elements (>30 m) 
the physics of reality cannot be captured in the model. This inaccuracy of the geometry is managed by 
allowing slip along the river boundaries. Enabling slip at the boundaries means that water in contact with 
the boundary surface is allowed to have a non-zero tangential speed without imposing any shear stress 
(Froehlich 2003). It is therefore assumed the shear stress at the boundary is negligible and is usually 
applied at shallow water depths. 

When performing a sediment simulation, the open boundaries decide what conditions that applies. For 
this work, equilibrium settings were used which means that sediments leaving through the outflow BC 
(B7) enters at the inflow BC (B1).  

Smoothening Reflecting Boundaries                                         
When quadratic elements are combined to create a curved boundary the angular corners will be 
discontinuous as shown to the left in Figure 11 (Aquaveo LLC 2013). This could lead to artificial mass 
loss because of water flowing out of the mesh. To avoid such inaccuracies in the numerical model these 
needs to be smoothed out as shown at the right part of Figure 11. This is dealt with through the Smooth 
Nodestring command in SMS. 

 

Figure 11. Illustration of the importance of having smooth boundaries (Aquaveo LLC 2013). 
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Requirements of the mesh are to emulate the bathymetry and at the same time have a suitable structure for 
computational reasons. For FST2DH, the best conceivable mesh consists mainly of squared elements with 
slopes in only one direction and water entering the model area perpendicular to the inflow boundary 
(Froehlich 2003). The tool Mesh Quality was used to make sure no significant violations of the 
computational requirements were in the structure (default criterions were implemented). 

3.3.4#Initial#Conditions#

Two ways of initiate a computation in FST2DH are available and are referred to as cold or hot start.  

A cold start is made when no information is known of the WSE and the velocity of water from previous 
solutions. All velocity vectors are set to zero and the same WSE is assigned to every node in mesh 
(determined by the user). 

A hot start utilizes the result from a previous calculation as initial conditions for velocities and WSE. 
This enables the computation to reach convergence using less iterations.  

For computational reasons no element node must be placed above the water surface when using a cold 
start. According to the FESMWS manual (2003), the program converges best for cold starts when 
elements does not experience wetting and drying (in fact, the computations diverge if dry elements are 
present for all models tried in the work for this thesis). To manage this issue the mesh needs to be below 
the water surface that is set as the downstream boundary condition (B7) as that is the lowest level 
throughout the mesh. This was accomplished by cutting the edges of the mesh to follow a contour close to 
the desired water level. 

3.3.5#Engineering#Measures#
Improvements of the diversion ratio through engineering measures was analysed after the hydrodynamic 
models had been calibrated. Dykes were created using the feature-stamping tool provided in SMS. 
Coordinates for the start and endpoint of each dyke were read from a drawing created in AutoCAD to 
obtain a correct position and length. The same procedure was used when evaluating the impact on 
sediment transportation from the dykes. 

3.3.6#Scenarios#

Hydrodynamic Modelling 
Due to the computational limitations of the cold start mentioned above, two different scenarios were used 
to calibrate and validate the model, namely medium and low flow. The difference between the scenarios 
is the quantity of the water discharge and the WSE. The use of two scenarios will improve the 
understanding of how the placement and size of the dyke will affect the water flow. However, the lower 
the mesh the more difficult it was to emulate the hydrodynamics of reality (can be seen in the calibration 
results in section 4.1.2). 

The hydrological factors measured were water discharge of a cross section, WSE and the velocity and 
direction of the water flow for different points. The cross sections of the reach used for measurements are 
presented in Figure 9. The hydrodynamic conditions for each scenario are presented in Table 2-5(section 
4.1.1). 
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Sediment Transport Modelling 
To successfully create a model for sediment transport, a single mesh had to be used. The simulation also 
had to be dynamic, i.e. the bed elevation needs to change over time. Due to available data of the 
bathymetry, the calibration had to be performed over 1 year. The mesh thus needs to be computable for 
both high and low flow, which was solved by using node elevations below the low flow. However, since 
the bed elevation change over time, the elevation of nodes exposed to deposition will rise. To avoid the 
issue of dry nodes, the mesh was created at an even lower elevation for the sediment transport model. 

(The function of drying/wetting elements that was provided in FESWMS enabled elements to be turned 
off when nodes became dry. Utilizing this function for calculations was unsuccessful in this project, most 
likely because the fact that the elevation of the mesh boundaries was not smooth enough and elements 
that was turned off consisted of large elevation change within the element.) 

The drawback of this approach was that a different (and slightly worse) hydrodynamic result was 
obtained for the model used for sediment transportation. The initial hydrodynamic conditions for the 
sediment transportation model are presented in section 4.2.1 along with the conditions and settings for the 
sediment transportation itself (Table 15-17). 
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3.4#Calibration#and#Validation!
The calibration is an iterative process where some model parameters are adjusted to match the output 
against observed data and is important for the application and credibility of the model. The tools used to 
verify the model in SMS were Observer Points for velocity and WSE. Observation Arc Lines were used 
to calculate the diversion ratio between the branches. 

The calibration was carried out in three steps: 

1. WSE in cross section B2-B6 
2. Diversion ratio of water to the north and south branch 
3. Velocity of water in the measurement points for each cross section (B2-B6) 

The river reach was divided into several sections, which were assigned material properties such as 
Manning’s roughness coefficient and Eddy viscosity. The materials were adjusted to consider water 
depths with the aim to fulfil the three criteria mentioned above.  

The most important parameter to adjust in the calibration phase is Manning’s roughness coefficient. The 
Eddy viscosity also offers a possibility of adjustment but in this thesis it has been left at the default value 
(even though small changes were tested, results presented in section 4.1.3.2). For the credibility of the 
model it is important to use coefficients of physically reasonable values since good results to a cost of 
unrealistic coefficient values suggests that the model does not describe the physical conditions very well 
(Froehlich 2003). Recommended values of the supervisor was 0.018 - 0.035 for the reach studied which is 
similar to what is recommended by Arcement and Schneider (1989) for gravel and sand in a report written 
for the U.S Geological Survey. 

The riverbed roughness (n1 and n2) was assigned to elements through different materials as shown in 
Figure 12. D1 and D2 are corresponding to different water depths (H). Below D2, n2 was applied to all 
elements. Between D2 and D1 the roughness coefficient was interpolated between n2 and n1 as the depth 
decreased. Above D1, n1 was applied to all elements. The use of different materials for various areas of 
the reach makes it possible to consider different forms in the bathymetry by assigning suitable values to 
D1 and D2 and to adjust the mismatches between the model output and the measurements. 

 

Figure 12. Visualisation of how the use of Manning’s roughness coefficients (n1and n2), D1 and D2 is implemented.  
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#

3.5#Sensitivity#Analysis#

A sensitivity analysis was performed for each model (hydrodynamic and sediment transport) to check the 
influence of the input data and the calibration parameters. The procedure was to adjust the parameters +/- 
20 % (sometimes 10 %) of the original value and compare the impact on the output. The parameters 
examined in the hydrodynamic sensitivity analysis does also have some effect on the sediment transport 
results, for instance the bed roughness affects how much deposition an area will experience. However it 
has been assessed to be a reasonable limitation to not study the effects of the same parameters in both 
cases.  

 !
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4.# Hydrodynamic# and# Sediment# Modelling# of# Nanjing# Reach# at#

Present#Conditions#

 

4.1#Calibration#of#Hydrodynamic#Model#

To be able to predict the impact of the engineering measures the models need to describe the current 
situation properly where no dykes are implemented. This is accomplished through validation against 
measurement data. The models are calibrated to achieve the best possible emulation without using 
unrealistic physical values of the calibration parameters. 

All parameters not mentioned in this chapter such as eddy viscosity and water density, have been left to 
the default value provided in the software. The influence of changes in eddy viscosity was however 
examined in the sensitivity analysis. 

4.1.1#Physical#Characteristics#and#Model#Parameter#Settings#

The final versions of the two hydrodynamic models obtained from calibration are presented in this section 
together with the calibration results. These settings were later on used for calculating the impact of the 
diversion dyke. The mesh for each model, medium and low scenario, consists of approximately 23 000 
elements describing the bathymetry. The mesh for the low flow discharge scenario can be seen in Figure 
13. 

 

 

Figure 13. Model mesh element structure for hydrodynamic calculations at low discharge level. 
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Medium Flow Scenario 
Figure 14 show the differenct sections of materials used for calibration of the medium flow. In total, 12 
larger areas were assigned similar properties. Added to those were four small sections for local 
adjustment. 

 

Figure 14. Subsections of different riverbed materials for the medium flow scenario. 
 
 
The Manning’s roughness coefficients used for calibration were between 0.018 and 0.035. On average the 
coefficients used for the medium flow were lower, especially at shallow depths. “Break” and “Speed” 
materials were implemented in especially difficult regions to get an acceptable match against measured 
data. 

In Table 2 the most important hydrodynamic parameters are shown and table 3 presents the Manning’s 
coefficients (n1 and n2) that were used for different water depths, D1 and D2. Further description of these 
parameters and how they were used is found in section 3.4.  

 
Table 2. Hydrodynamic conditions for medium flow. 
Setting Medium Scenario   
Inflow boundary 27300 [m3/s] 
Outflow boundary 3.84 [m] 
Unit flow Convergence 0.01   
Unit water depth Convergence 0.01   
Iterations 10 [each] 
Water Surface Elevation (zw) 3.84 [m] 
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Table 3. Material properties for medium flow. 
Material n1 n2 D1 [m] D2 [m] 
B1 0.019 0.018 15 25 
B1-B2B3 0.019 0.018 12 25 

B2 0.023 0.018 16 35 
B2-B4 0.022 0.020 10 25 

B3 0.019 0.018 1 15 

B3-B5 0,019 0.018 1 13 
B4 0.020 0.018 10 30 

B4 Break 0.027 0.024 5 25 

B4 Speed 0.019 0.018 10 30 

B5-B6 0.020 0.019 3 10 
B5 Corner 0.020 0.018 10 40 

B6 0.020 0.018 3 23 

B6-B7 0.020 0.018 5 10 
B65 Break 0.035 0.033 1 3 

B7 0.019 0.018 10 40 

B5 Speed 0.019 0.018 7 10 

 

 
The unit convergences of water depth and velocities were set to 0.01 (Table 2) thus three significant 
figures were obtained from the calculations for all water levels and at least two for the velocities.  
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Low Flow Scenario 
Figure 15 show the differenct sections of materials used for calibration of the low flow. The same 12 
larger areas as for the medium model were used but with different local adjustments. 

 

 

Figure 15. Subsections of different riverbed materials for the low flow scenario. 
 
 
Table 4 and 5 present the material parameters that were assigned to the different materials used for the 
low flow case. 

 
Table 4. Hydrodynamic conditions for the low flow. 
Setting Low Scenario   
Inflow boundary 15400 [m3/s] 
Outflow boundary 1.65 [m] 
Unit flow Convergence 0.01   
Unit water depth Convergence 0.01   
Iterations 10 [each] 
Water Surface Elevation (zw) 1.65 [m] 
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Table 5. Material properties for the low flow. 
Material n1 n2 D1 [m] D2 [m] 
B1 0.025 0.020 15 35 
B1-B2B3 0.030 0.020 10 25 

B2 0.028 0.022 16 35 
B2-B4 0.030 0.018 10 35 

B4 0.025 0.018 15 35 

B26 Break 0.035 0.032 1 5 
B4 Break 0.035 0.032 5 15 

B4 Speed 0.018 0.018 20 35 

B3 0.018 0.018 1 25 

B3-B5 0.022 0.018 1 20 
B5 0.020 0.018 1 10 

B5B6 Corner 0.022 0.019 1 30 

B6 0.022 0.018 1 20 
B6B7 0.028 0.018 5 20 

B61 Break 0.035 0.034 5 20 

B7 0.023 0.018 20 45 
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4.1.2#Calibration#Result#

The calibration target was set to +/- 10 % for the velocities and +/- 10 cm for WSE if nothing else was 
stated. These levels where set in agreement with the supervisor and are in line with Chinese standards.  

The following results were obtained with the parameter settings shown in section 4.1.1.  

4.1.2.1$Elevation$
Table 6 and 7 show the calibration results obtained for WSE. The calibration target was achieved for the 
low flow but unsuccessful at two cross sections (B2 and B3) for the medium flow. WSE at these cross 
sections were very difficult to change and only small differences were achieved.  
 
Even though the values of B2 and B3 are too high, the pattern is similar to reality (B2 lower than B3). 
There may also be reasons to question the measurement values for the discussed cross sections since they 
are both much lower than the others even though they are further upstream in the river. 
 
Table 6. Elevation data in cross sections B2-B6 for medium flow scenario.  
Measure 
Point 

Observed Value 
[m]  

Computed Value 
[m] 

Residual Value 
[m] 

B2 3.72 3.90 0.18 
B3 3.78 3.94 0.16 
B4 3.89 3.87 -0.02 
B5 3.89 3.91 0.01 
B6 3.84 3.87 0.03 
 
Table 7. Elevation data in cross sections B2-B6 for low flow scenario. 
Measure 
Point 

Observed Value 
[m]  

Computed Value 
[m] 

Residual Value 
[m] 

B2 1.72 1.69 -0.03 
B3 1.76 1.71 -0.05 
B4 1.68 1.67 -0.01 
B5 1.67 1.69 0.02 
B6 1.61 1.67 0.06 

$
 $
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4.1.2.2$Diversion$Ratio$Medium$and$Low$Flow$
 

Table 8. Diversion ratio for both water flow discharge scenario. 
Scenario Calculated [%]      

(South-North) 
Measured [%]       
(South-North) 

Medium Flow 86.30 – 13.70 86.30 – 13.70 
Low Flow 87.50 – 12.50 87.55 – 12.45 
 

From the result presented in Table 8 it could be obtained that the error of the diversion ratio was 
calculated to be 0 % and 0.4 % (containing three significant figures) for medium and low flow 
respectively. 

4.1.2.3$Verification$of$Computation$
Some verification of computing was made to check that the model was working as intended. Diversion 
ratio comparison of front and rear part of the Nanjing Reach was compared. Flow levels across the river 
were checked to see that no unreasonable mass losses occurred along the mesh.  

The left column of Table 9 shows the calculated discharge when adding the two branches together while 
the right compares calculated discharge along the same branch respectively. Although some differences 
can be seen, the result is considered acceptable. There are strong reasons to believe the model work as 
intended and that the differences in discharge presented below occurs due to how the measurement 
nodestring are drawn in the model. Several tries showed that it was difficult to obtain identical values if 
the same line was created twice at the same location. A small change in angle across the river led to 
significant difference in the calculated output. Rather than indicating that the model does not work 
properly, this highlights the uncertainties and sensitivities that follows when implementing the tools 
provided in SMS.  

Due to these uncertainties a mean between front and rear diversion ratio was always used.  

Table 9. Example of verification calculations 
Cross 
section  

Total Flow 
[m3/s] 

% diff  Linear Flow diff Fraction of Total flow 

B2+B3 27314 0.0005 B2-B4 76.179 0.0028 
B6+B4 27262 -0.0138 B6-B3 72.836 0.0027 
B1 (inflow) 27300     
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4.1.2.4$Velocity$Profiles$
In this section, measured and computed velocity profiles for all cross sections in both flow scenarios are 
plotted and tabulated. The measured water depths have been included to provide some physical 
explanation (even though not complete of course) behind the shape of the velocity curves. Figure 16 
shows all velocity profiles for medium flow. Velocity profiles for the low flow and exact numbers used to 
plot the velocity profiles for both cases are found in Appendix A4. 

Figure 16. Measured/Computed velocity profiles and water 
depth profiles for cross section B2-B6 in medium flow 
scenario. 

 

 

 #
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4.1.3#Sensitivity#Analysis#of#Hydrodynamic#Model#

The sensitivity analysis of this project included a few changeable parameters and their influence on the 
investigated output of the model. Factors as number of iterations for calculation, material properties and 
water flow discharge boundaries were treated. The calibration result in section 4.1.2 was used as 
reference and other relevant factors of influence that are not examined were mentioned and discussed in 
section 5.3 later on. 

4.1.3.1$Iterations$
The number of iterations used when simulating the water flow discharges of the different scenarios is 
crucial to the feasibility of the result. The numerical calculations need to fully converge to get liable 
output data comparable to real hydrodynamic scenarios. That is why a sensitivity analysis is done on the 
total error of the output data given different use of iterations with a built in function in SMS. Medium 
flow discharge scenario is used for analysis. 

Sensitivity of Iterations on Pre-dyke Scenario 
 

Figure 17: Plot of total root mean squared error of velocities on 
number of iterations. 

 

(Plot of the root mean squared error of surface 
elevation on number of iterations has the same shape 
and tendencies.) 

 

As is shown in Figure 17 the total root mean squared error of velocities is minimised after only three 
iterations. However, the fact that the simulation process never stops iterating when using an infinite 
number of iterations indicates that the solution never fully converges. It is also worth remarking that the 
total error of all observation points is used, which makes this analysis method incomplete. Certain 
velocity and elevation patterns are excluded for all points except the observation points, thus local 
cancelation of values may be hidden in the result.   

4.1.3.2$Manning’s$Roughness/Eddy$Viscosity$Coefficients$
Adjustments of Manning’s roughness value and eddy viscosity coefficients are made by +- 20 % to 
analyse the parameter-system sensitivity. The output is compared to the initial results of calibration, 
which is to be found in section 4.1.2. 

It can be seen in Table 10 and 11 that Manning’s value has a greater impact than the viscosity on the 
output. The mean of all difference for each cross section of observer points are to be found in Table 10 
and the complete sensitivity analysis of the above parameters in all survey points is tabulated in Appendix 
A5. 
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Table 10. Mean deviation of velocities for cross section B2-B6 when varying Manning’s Roughness Value and Viscosity by 
20 % from chosen reference for all riverbed materials with medium water flow discharge. “Mean Diff. “= Mean deviation for a 
cross section, “Mean AbsDiff. “= absolute value mean for a cross section, “Diff (%)” = percentage of mean deviation relative 
mean value of survey points for a cross section.  
 
Manning’s Roughness 
  +20 %     -20 %     
  Mean Diff. 

[m/s] 
Mean AbsDiff. 
[m/s] 

Diff 
[%] 

Mean Diff. 
[m/s] 

Mean AbsDiff. 
[m/s] 

Diff 
[%] 

B2 0.0023 0.0140 0.25 -0.0017 0.0187 -0.18 
B3 -0.0060 0.0084 -1.34 0.0030 0.0086 0.67 
B4 0.0000 0.0063 0.00 0.0010 0.0090 0.11 
B5 -0.0042 0.0046 -0.87 0.0032 0.0064 0.66 
B6 -0.0036 0.0044 -0.72 0.0012 0.0044 0.24 
 

Eddy Viscosity 
  +20 %     -20 %     
  Mean Diff. 

[m/s] 
Mean AbsDiff. 
[m/s] 

Diff 
[%] 

Mean Diff. 
[m/s] 

Mean AbsDiff. 
[m/s] 

Diff 
[%] 

B2 -0.0008 0.0052 -0.07 0.0022 0.0082 0.20 
B3 0.0010 0.0014 0.24 -0.0042 0.0042 -0.95 
B4 0.0007 0.0053 0.14 0.0003 0.0067 -0.04 
B5 0.0018 0.0026 0.43 -0.0042 0.0042 -0.93 
B6 0.0016 0.0024 0.38 -0.0046 0.0046 -0.99 
 

The results in Table 10 show that the mean absolute velocity depending on Manning’s roughness and 
viscosity is more sensitive than the regular mean value of each cross section. That indicates on a greater 
influence on velocity profiles by varying these parameters. 

It can also be seen that adjustments of Manning’s roughness and Eddy viscosity values for the most part 
have the opposite effect on water velocities regarding difference of magnitude. It was realised by looking 
at Table 10 that the manning’s roughness value had a slightly greater influence on water velocities, which 
enforced the choice of using this parameter as a calibrating tool and using values of viscosity as default 
by software. That was also initially instructed by the supervisor.  
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Table 11. Mean deviation of water surface elevation for cross section B2-B6 when varying Manning’s Roughness Value and 
Viscosity by 20 % from chosen reference for all riverbed materials with medium water flow discharge. “Mean Diff. “= Mean 
deviation for a cross section, “Mean AbsDiff. “= absolute value mean for a cross section, “Diff (%)” = mean percentage of all 
survey points deviation for a cross section. 

Manning’s Roughness 
  +20 %     -20 %     
  Mean Diff. 

[m] 
Mean AbsDiff. 
[m] 

Diff 
[%] 

Mean Diff. 
[m] 

Mean AbsDiff. 
[m] 

Diff 
[%] 

B2 0.0265 0.0265 0.68 -0.0192 0.0192 -0.49 
B3 0.0352 0.0352 0.89 -0.0260 0.0260 -0.66 
B4 0.0108 0.0110 0.28 -0.0080 0.0080 -0.21 
B5 0.0224 0.0224 0.57 -0.0164 0.0164 -0.42 
B6 0.0110 0.0110 0.28 -0.0076 0.0076 -0.20 
 
Eddy Viscosity 
  +20 %     -20 %     
  Mean Diff. 

[m] 
Mean AbsDiff. 
[m] 

Diff 
[%] 

Mean Diff. 
[m] 

Mean AbsDiff. 
[m] 

Diff 
[%] 

B2 0.0018 0.0018 0.05 -0.0017 0.0017 -0.04 
B3 0.0030 0.0030 0.08 -0.0040 0.0040 -0.10 
B4 0.0010 0.0010 0.03 -0.0010 0.0010 -0.03 
B5 0.0020 0.0020 0.05 -0.0022 0.0022 -0.06 
B6 0.0010 0.0010 0.03 -0.0010 0.0010 -0.03 
 
The influence by Manning’s roughness and Eddy viscosity values on WSE, found in Table 11, clearly 
differed. The Manning’s roughness value had more effect on the WSE for the model.  

4.1.3.3$Boundary$Conditions$
In this part water velocities were studied when varying inflow discharge by +/- 10 % for medium flow 
discharge scenario and are tabulated in Table 12 below. The WSE was kept constant according to given 
survey data in the model. The constructed model mesh was not made for lowering of WSE and system-
parameter sensitivity of WSE on velocities was therefore not further investigated. It is shown in Table 12 
that the mean velocity of each cross section are close to linearly influenced of a +/- 10 % change in water 
inflow discharge.  
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Table 12. Discharge level sensitivity for flow velocities. 
Discharge 
level 

+10 %     -10 % !! !!

  Mean Diff. 
[m/s] 

Mean AbsDiff. 
[m/s] 

Diff 
[%] 

Mean Diff. 
[m/s] 

Mean AbsDiff. 
[m/s] 

Diff 
[%] 

B2 0.0950 0.0950 10.0 -0.0948 0.0948 -9.99 
B3 0.0430 0.0430 9.57 -0.0434 0.0434 -9.66 
B4 0.0900 0.0900 9.91 -0.0902 0.0902 -9.93 
B5 0.0472 0.0472 9.69 -0.0468 0.0468 -9.61 
B6 0.0486 0.0486 9.73 -0.0488 0.0488 -9.77 
 

The entire table of affected velocities are found in Appendix A5 (Inflow). 

4.1.3.4$Conclusion$
The investigated parameters had different influence on the output. The total root mean square error of 
velocities and WSE was minimized after just a few iterations but never fully converged. That indicates on 
flaws in the model.   

Manning’s roughness value had slightly more influence on the velocities than of Eddy viscosity, but in 
the opposite way regarding positive or negative adjustments. WSE was significantly more affected by 
Manning’s roughness value than by the Eddy viscosity and the choice of using Manning’s roughness 
value for calibration was thus justified.  

Water inflow discharge change had a linear percentage affect on velocities while the WSE was kept 
constant. 

There was however differences concerning the actual uncertainties of these input parameters. While the 
number of iterations was set higher than needed to be minimized, the inflow discharge were more 
uncertain according to the supervisor and could possibly vary up to an extent of +/- 10 %. It shall also be 
mentioned that the Manning’s roughness values were recommended to be set between 0.18-0.35, which is 
a larger interval than the investigated +/- 20 %. In other words, this sensitivity analysis was justified due 
to realistic variation of parameters. 

 !
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4.2#Calibration#of#Sediment#Transport#Model#

The calibration of the sediment transport model needed a new mesh describing the river bathymetry and 
thus a new hydrodynamic calibration for reasons discussed in 6.3.1. The sediment calibration was made 
for one year, running the sediment transport model from 2010:s survey data and compared to 2011:s 
survey data for river bathymetry.  

The new mesh is shown in Figure 18 below and was appointed approximately 3 500 elements (compared 
to around 23 000 elements for the hydrodynamic simulation part shown in Figure 13).  

 
Figure 18. Model mesh element structure used for sediment simulations.  

#

4.2.1#Hydrodynamic#Parameter#Settings#and#Calibration#

 
Material Disposition 
Initially there had to be a trade off between the diversity of different materials with different 
hydrodynamic properties and the sensitivity for large-scale sediment transport. As seen in Figure 19, 
fewer materials with more similar hydrodynamic properties were used over the entire riverbed. This was 
due to the sensitiveness of material transitions on sediment transport as non-smooth changes in 
Manning’s roughness coefficients strongly affected the sediment transport pattern. However, as the 
capability of the model to simulate sediment transport increased, the hydrodynamic calibration was made 
more difficult.  

The hydrodynamic calibration results containing velocity profiles and WSE are found in Appendix 4. The 
diversion ratios are presented in 4.2.2 since they are a part of the sediment calibration as well. 
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Figure 19.Material disposition for the sediment transport model. 
 

Table 13. Materials for sediment transport model 
Material n1 n2 D1 [m] D2 [m] 
Upper 0.023 0.018 1 35 
Middle 0.030 0.020 1 45 
Start 0.030 0.020 1 35 
End 0.030 0.020 1 45 
 

Choice of Hydrodynamic and Sediment Properties 

 
Figure 20. Measured discharge hydrograph and discharge used as calibration input. 
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The black line in Figure 20 shows the discharge level that was measured for the period 2010-2011. The red 
line indicates the discharge levels used for the calibration. The first period of high and low flow was set to 
45000 m3/s and 15400 m3/s respectively. The corresponding WSE was 5.89m for high flow and 1.65 for 
low. Between high and low flow both the discharge level and WSE are interpolated linearly. The 
generalized hydrograph (Figure 20) points out the difference between the different flow scenarios used in 
this work that are caused from seasonal variations in precipitation.  
 

Table 14. The implemented bed control settings for sediments. 
Particle Properties 1 2  
Particle size [mm] 0.008 0.16  
 Layer composition [%] Layer thickness [m] 
Active 0.05 0.95 0.015 
Deposition 0.05 0.95 2.0 
Original 0.0 1.0 60.0 
 

Table 14 present the particle sizes, layer compositions and thickness used in the run chosen as the 
calibration result. The sediment sizes were considered suitable due to the available sediment data 
(Appendix A2). In Table 15of hydrodynamic and sediment settings below other used parameters are 
presented. The time step was chosen to be as small as possible but still make the time of computation 
reasonable.  

Table 15. Hydrodynamic and Sediment Settings 
Model Settings   
Inflow Boundary (Flow Discharge) 45000-15400 [m3/s] 
Outflow Boundary (Elevation) 5.89-1.65 [m] 
BC Sediment option Equilibrium  
Unit Flow Convergence 0.01  
Unit Water Depth Convergence 0.01  
Iterations Unlimited [each] 
Run Time 8760 [hour] 
Time Step 2 [hour] 
 

Sediment Settings   
Sediment Formula Engelund-Hansen  
Erosion Factor (Ke) 0.2  
Bed Tolerance 0.01  
Sediment Tolerance 0.01  
Bed Sediment Porosity (η) 0.4  
Sediment Specific Gravity (Ss) 2.65  
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4.2.2#Calibration#Result#

The result of the sediment transport calibration involved diversion ratio analysis, river bathymetry 
contour comparison between calculated and measured bathymetry for 2011 and erosion and deposition 
patterns. 

4.2.2.1$Diversion$Ratio$
The hydrodynamic condition was in the sediment transport case harder to recreate due to the amendments 
of the model mesh, hence the less accurate numbers for 2010 in table 16 below (compare to the measured 
values in table 8). The achieved diversion ratios for the examined river flow discharges after one year of 
sediment transport simulation is shown as the calculated values for 2011. The comparison (‘True value’) 
is taken from table 1 where the issue of the diversion ratio development was introduced. 

Table 16. Computed diversion ratios for the different flow discharges before and after the performed sediment simulation. 
Calculated 

Diversion Ratio 
Before Sediment 

Simulation (2010) 
South-North [%] 

After Sediment 
Simulation (2011) 
 South-North [%] 

Annual Change  
[percentage points] 

True Value of 
Annual Change 

[percentage points] 
High Flow 83.75 – 16.25 83.88 – 16.12 0.13  

Medium Flow 85.49 – 14.51 85.62 – 14.38 0.14  

Low Flow 87.79 – 12.21 87.93 – 12.07 0.14 0.2 

 

It should be clarified that there was an unavoidable trade-off in the hydrodynamic calibration result 
between the medium and low flow. This due to the fact that the same mesh with the same material 
disposition and settings had to be used for both flow cases. Since the calibration year consisted of almost 
75 % of low flow, the decision was taken to prioritize to have a correct diversion ratio for this scenario.  

Water elevations and velocity profiles for the sediment transportation case is to be found in Appendix – 
A4. 

4.2.2.2$Sediment$Simulation$2010Q2011$
In Figure 21 the contours of the measured bathymetry of 2011 and the calculated from 2010 to 2011 are 
shown. It is clear that no major visible differences were obtained which was more or less expected in this 
kind of figure layout.  

In Figure 22 the yearly erosion and deposition gave a more detailed view of the dynamic process of the 
sediment transport. It was obvious that more erosion, and for some areas deposition, were occurring in the 
south branch which so far could be one reasonable explanation why the problematic development of 
changing diversion ratio was happening.  
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Contours Comparison (Measured/Simulated) 

 

Figure 21. River bathymetry for 2011 after one year sediment simulation. The top half shows the measured elevation while the 
bottom renders the calculated model output. 
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Sediment Transport (Deposition/Erosion) 

 

 

Figure 22. Calculated sediment deposition (red) and erosion (blue) after one year with calibration settings. Top: small interval 
of elevation change. Bottom: large interval of elevation change.  
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4.2.3#Sensitivity#Analysis#

The sensitivity analysis of the sediment transport model included a few changeable parameters and their 
influence on the investigated output of the model. Sediment properties as erosion factor, sediment 
calculation formula, grain sizes and material layer disposition were included. Some parameters as inflow 
water discharge, material properties and number of iterations were not treated, when these instead were 
brought up and investigated in the hydrodynamic sensitivity part 4.1.3 .The calibration result in part 4.2.2 
was used as reference and other relevant factors of influence that were not examined are mentioned and 
discussed in section 6.3 later on. Low flow water discharge was used.  

4.2.3.1$Sensitivity$Result$
With the use of previous mentioned changeable parameters a decision of an output for analyse had to be 
made.  

Chosen output parameters for analysis were: 

• Change in river bed elevation for several chosen point in the model mesh 
• Minimum and maximum bed elevation change 
• Sediment transport patterns 

(Diversion ratio was not included due to a negligible change over a month period with low flow water 
discharge.) 

The calibrated model used as reference had the input parameter values shown in Table 17, that later were 
used as sensitivity analysis tools: 

Table 17. Default sediment settings for sensitivity analysis. 
Sediment Setting  
Sediment Formula Engelund-Hansen 
Erosion Factor (Ke) 0.2 
Particle Properties Size 1 Size 2 
Particle Size, Di, [mm] 0.008 0.16 
Fraction of Active Bed-layer 0.05 0.95 
Fraction of Deposition Bed-layer 0.05 0.95 
Fraction of Original Bed-layer 0 1 
 

See section 4.2.1 for the entire sediment settings of reference.  

The output of the analysis was investigated in four chosen points in the river with different sediment 
transport characteristics, shown in Figure 23. Point 1 was chosen for high erosion tendencies, point 2 for 
more varying patterns, point 3 for high deposition and point 4 for analyse of the lesser sediment transport 
areas in north branch.  
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Figure 23. River bathymetry change by sediment transport for the calibrated model over one month. Points for sensitivity 
analysis is marked 1 to 4.  

The sensitivity analysis result is given in Table 18. The erosion factor is varied by half and double, the 
two grain sizes by +/-20 % and +40 % simultaneously (and tested with only one bigger size) and the 
disposition of the different grain types in the active and disposition layer by 25/75 and 50/50 
(small/large).  

(Notice: Max/Min values are often represented by model mesh “hot spots” and should be treated 
carefully) 

Table 18. Sensitivity analysis for change in river bathymetry depending on sediment parameters as erosion factor, grain sizes 
and material layer disposition. P1-P4 is chosen points (shown in Figure 23) in the river and Min/Max are the minimum and 
maximum values of bed elevation change.  
[cm] Reference Erosion 

Factor (Ke) 
 Grain 

Sizes 
   Material 

Layers 
 

 Calibrated 
Model 

0.1 0.4 +20 % -20 % One Size 
(0.16mm) 

+40 % 25/75 50/50 

P.1 -0.80 -0.50 -1.21 -0.79 -0.80 -0.88 -0.77 -0.60 -0.54 
P.2 -0.15 -0.15 -0.08 -0.14 -0.20 -0.15 -0.10 -0.16 -0.22 
P.3 1.93 1.66 2.16 2.00 1.90 2.01 1.97 1.57 1.20 
P.4 -0.10 -0.07 -0.15 -0.10 -0.10 -0.12 -0.09 -0.08 -0.08 
          
Min -14.59 -8.40 -26.32 -15.09 -14.30 -20.21 -15.22 -10.29 -9.37 
Max 8.49 6.43 20.09 9.67 7.71 10.24 10.62 6.07 5.41 
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Equilibrium and Clear Water Comparison 
Two settings for calibration simulations have been approved to work sufficiently by FESWMS 
developers, equilibrium and clear water (Howlett 2012). The equilibrium was used during calibration but 
a test to understand how this affect the result is motivated since there is reason to believe that less 
sediment particles enter the reach than are leaving it (even though any difference is likely to be small).  
 
The test was performed during 1 month of high flow. The impact on the diversion ratio at low flow is 
shown in Table 19 below.  

Table 19. Comparison between the equilibrium and clear water setting for sediment transport. 
South branch diversion 
ratio 

Change compared to reference 
[percentage units] 

Reference value [%] Equilibrium Clear Water 
87.78 0.0654 0.0421 
 

The result indicates that using equilibrium lead to a larger impact on the diversion ratio. Considering the 
calibration result (where the total impact was too low), the true conditions appear to be closer to 
equilibrium than clear water.  

Time Step Significance 
A test was performed to evaluate the significance of the importance of the time step. Three different step 
lengths were tried and the result is shown in Table 20 below. The points evaluated are the same as above 
(Figure 23). 
 
Table 20. Erosion and deposition for certain nodes using different time step lengths. 
[cm]   Calibration reference  
Time Step 0.5h 1h 2h 4h 
Point 1 -0.89 -0.80 -0.80 -0.89 
Point 2 0.00 -0.03 -0.15 -0.24 
Point 3 2.41 2.14 1.93 1.68 
Point 4  -0.11 -0.10 -0.10 -0.10 
     
Min (-) 1.36 1.40 1.46 1.51 
Max (+) 10.23 9.95 8.49 9.72 
 

No clear patterns can be seen although some trends are indicated (more deposition and less maximum 
erosion at shorter time steps). It could not be excluded that the choice of time step has some impact on the 
model output since table 20 does show ambiguous results.  
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4.2.3.2$Conclusion$
When analysing Table 18 it is obvious that the varying of the different input parameters have different 
influence on the investigated output.  

The erosion factor had an expected influence on the output. Higher erosion and deposition occurred when 
higher erosion factor was applied with less influence on the sediment transport patterns. 

Grain sizes had a similar effect on the sediment transport but to a significantly weaker magnitude. The 
most change in sediment erosion and disposition was obtained when switching to one grain size (large) 
and the overall pattern pointed out more sediment transport when larger particles were tested. The 
analysis also showed tendencies of slightly higher sediment deposition in the north branch for smaller 
particles. That is something not seen in the Table 18 but is better realised looking at the contours of the 
sediment transport. The Table 18 give less extreme values for the small particles, which also is a sign of 
more spread out materials by sediment transport.  

The choice of disposition of sediment particles in the two top material layers (active and deposition layer) 
had a similar effect as the choice of grain sizes on the sediment transport, when lager portion small 
particles gave less sediment transport and more deposition in the north branch.  

It shall also be mentioned that the possible interval of change for these input parameters are limited. 
When sediment particles and material layers were obtained as input data to a certain significant number, 
the erosion factor is a free parameter chosen by the user. The magnitude of input parameters changes in 
this sensitivity analysis may never have an emulation of reality.  
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5.# Hydrodynamic# Simulation# of# Nanjing# Reach# with# Engineering#

Measures#

The conventional method of water diverting dykes has been tested to evaluate the improvement on the 
diversion ratio in Nanjing Reach of Yangtze River. Section 5.1 explains the set up of the examination and 
5.2 present the obtained results, which further on are discussed in 5.3.  

5.1!Simulation!Set!Up#
Each dyke was set to have a top width of approximately 20 m to 30 m and the downward slope was close 
to 20º. The elevation of the dyke was set above the WSE to maximize the diverting impact, i.e. no water 
flow allowed over the dyke. 

Since both the horizontal angle and the length of the dyke are likely to have an impact on the result, three 
different angles were investigated at the front area and two at the rear area as pointed out in Figure 24. At 
both the areas respectively, all the dykes have the same initial point. The angles tested at the front were 
215º, 225º and 235º as showed below. The angles tested where the branches are merging were 105º and 
120º. 

 

Figure 24. Location and angles of the examined dykes. 

Each angle of the front dyke was examined with three different lengths, namely 550 m, 750 m and 950 m. 
The rear dyke was tested with two lengths, 550 m and 750 m, for both angles. The angle and scale of the 
structures is limited by stability and durability. For example, the hydrodynamic load limits the length of 
the dyke. Bathymetry and stability are the most important factors that affect the choice of angle. As been 
mentioned earlier, these factors are not thoroughly studied in this thesis. The investigated measures were 
based on reasonable assumptions regarding the above factors.  

Hydrodynamic and material settings used for investigation were the same as presented in section 4.1.1. 

 !
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5.2!Result#
The resulting diversion ratios for both scenarios, Medium and Low, are tabulated in 23 and 24 separately 
and jointly for different selected angles and lengths. 

5.2.1#Impact#on#the#Diversion#Ratio#

Medium Flow Scenario 

Table 21. Diversion ratios for different dyke characteristics in medium flow scenario (angle/length) 
Front 
Dyke  

Div. Ratio [%]    
South-North 

 Rear Dyke Div. Ratio [%] 
South-North 

 Front and Rear Dyke Div. Ratio [%]      
South-North 

Reference 
(no dyke) 

86.3 – 13.7           

215°/550m 84.2 – 15.8  105°/550m 83.1 – 16.9  215°/950m + 120°/750m  74.1 – 25.9 
215°/750m 82.3 – 17.7  105°/750m 81.5 – 18.5  

 

 
215°/950m 79.7 – 20.3         
          
225°/550m 84.9 – 15.1  120°/550m 81.1 – 18.9    
225°/750m 84.2 – 15.8  120°/750m 77.0 – 23.0    
225°/950m 83.6 – 16.4       
          
235°/550m 85.7 – 14.3       
235°/750m 85.7 – 14.3       
235°/950m 85.6 – 14.4       

 

Low Flow Scenario 

Table 22. Diversion ratios for different dyke characteristics in low flow scenario (angle/length) 
Front 
Dyke  

Div. Ratio [%] 
South-North 

 Rear 
Dyke 

Div. Ratio [%] 
South-North 

 Front and Rear Dyke Div. Ratio [%]      
South-North 

Reference 
(no dyke) 

87.5 – 12.5           

215°/550m 85.1 – 14.9  105°/550m 85.7 – 14.3  215°/950m +120°/750m  77.7 – 22.3 
215°/750m 83.4 – 16.6  105°/750m 84.3 – 15.7  

 

 
215°/950m 81.6 – 18.4         
          
225°/550m 86.1 – 13.9  120°/550m 84.6 – 15.4    
225°/750m 85.2 – 14.8  120°/750m 81.7 – 18.3    
225°/950m 84.5 – 15.5       
          
235°/550m 86.8 – 13.2       
235°/750m 86.6 – 13.4       
235°/950m 86.4 – 13.6       
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Different lengths and angels of each dyke, as expected, have a significant impact on the diversion ratio 
between the two branches. As is shown in Table 21 and 22 above the “Front Dyke” is most effective with 
small angle and long length and the “Rear Dyke” is best with large angle and long length (see Figure 24 
for angle references in the river). The most effective combination of engineering measures was a 
combined use of the dykes with the best individual water diverting performances, visualised in Figure 25, 
26 and 27. This solution is to be preferred if the only factor considered is the water diversion ratio. It 
should also be said that the improvement effect of the combination of the two dykes are not directly 
added. The improvement is a combination of them both accordingly to the complex hydrodynamic 
conditions and shown in the Table 21 and 22. 

 

Figure 25. 3D-view of the two-dyke solution and water flow direction according to arrows (note: Magnification with a factor 
10 is used on the z-axis for this illustration). 

The result also shows that the angle is critical for the impact of the Front Dyke. 235˚ and 225˚ have a 
minimal effect in the flow behaviour between the two branches. The Rear Dyke has larger influence on 
the diversion ratio in general. An even narrower angle of the front dyke would most likely be more 
effective but the riverbed formation limits the implementation to 215˚ due to heavily varying bed 
elevation (see Figure 6 in section 1.1.2.1). At the rear area, no such limitation in the riverbed exists which 
make placement of effective dykes possible. However, stability of the dyke at the rear area and other 
reasons discussed further in section 5.3.2 may conflict with the feasibility of this option. 

It should also be mentioned that the diversion ratios obtained under low flow discharge, found in Table 
22, are of most importance. This is due to the fact that the lowest point of WSE limits the navigational 
abilities in the north branch.  

5.2.2#Additional#Evaluation#of#Hydrodynamic#Characteristics#(Best#Solution)#

A composition of a “Front Dyke” with 215 degrees angel and 950 meters length and a “Rear Dyke” with 
120 degrees angle and 750 meters length (215°/950 m + 120°/750 m) gave the best, overall, diversion 
ratio. The improvement for the medium water flow discharge scenario was 12.2 percentage units and for 
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the low flow water discharge scenario 9.8 percentage units (absolute values shown in Table 21 and 22). In 
this section, the hydrodynamic impact from the best combination of dykes (in terms of improvement of 
the diversion ratio) was studied further. All comparisons were made on medium water flow discharge 
scenario if nothing else is stated. 

Figure 26 illustrates the velocity magnitudes for the original discharge scenario and the scenario where 
the most effective engineering measure is implemented. Figure 27 shows more detailed water flow 
patterns with the influence of the two selected dyke structures.  

 

Figure 26. Water velocity magnitudes for the reference situation (left) and for the best dykes (right) at medium water flow 
scenario. 

 

 

Figure 27. Velocity magnitudes in the areas of the front dyke (left) and rear dyke (right) at medium water flow scenario.  

5.2.2.1$Impact$of$Dyke$on$Water$Surface$Elevation$
According to Table 23 the WSE were higher after implementation of the combination of the best water-
diverting front and rear dyke in both water flow discharge scenarios. This was a positive result regarding 
the navigational condition in that area, when the low flow results were of most importance. 

At the same time, the bathymetry of a more local point of view is more vital than the actual WSE 
compared to a global reference elevation when dealing with navigational conditions. The water depth of 
observer point cross sections (profiles) are shown in section 4.1.2.4 and Appendix A4. 
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Table 23. Water surface elevation, zw, before and after implementation of the final solution with both dykes (found early in 
section 5.2.2) for the two water flow discharge scenarios (medium and low). 
Medium Flow   Best Solution   
Measure Point Pre-Dyke [m] Post-Dyke [m] Residual [m] 
B2 3.90 3.96 0.06 
B3 3.94 4.06 0.11 
B4 3.87 3.97 0.10 
B5 3.90 3.93 0.03 
B6 3.87 3.83 -0.04 
        
Low Flow       
Measure Point Pre-Dyke [m] Post-Dyke [m] Residual [m] 
B2 1.69 1.72 0.03 
B3 1.71 1.78 0.07 
B4 1.67 1.71 0.04 
B5 1.69 1.73 0.04 
B6 1.67 1.66 -0.01 
 

5.2.2.2$Impact$of$Dyke$on$Water$Flow$Velocity$Profiles$
The implementation of water diverting dykes influences the velocity profiles of cross sections along the 
river. Figure 28 and 29 illustrate the difference made by the best diverting front-dyke on velocity profile 
for measure cross section B2 on medium and low flow scenario respectively (for visualisation of the dyke 
placements, see Figure 25, 26 and 27 above). 

To avoid misinterpretations of the figures, it should also be pointed out that the scale of the velocity 
profiles has been adjusted individually to achieve better comparison between pre- and post dyke scenario. 
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Medium Flow Scenario 

 

Figure 28. Velocity profiles for cross section B2 with dyke (right) and without dyke (left) on medium flow scenario. 

 

Low Flow Scenario 

 

Figure 29. Velocity profiles for cross section B2 with dyke (right) and without dyke (left) on low flow scenario. 

The investigated dyke has a powerful impact on the water flow velocity profiles as is shown in the 
Figures 28 and 29 above. It can be seen that the dyke has a slowing effect on the left side of the drawn 
profile, where it is placed in the model. This has a palpable influence on sediment transport and long term 
hydrodynamic patterns that will be treated in section 6.2.2.  

The impact of engineering measure on all cross section velocity profiles are found in AppenixA4)  
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5.3#Discussion#

The discussion of the hydrodynamic modelling has been separated into two parts, although they are 
closely related. Issues regarding the method used to obtain the results are elaborated in section 5.3.1 and 
the result itself is discussed in 5.3.2. 

5.3.1#Method#

When embracing a project like this different work approaches can be used to accomplish the objective. 
Many choices and trade-offs are needed when describing complex physical processes when mathematical 
models always are consists of inevitable sources of errors. The most important ones, that have impact on 
the credibility of the result, are raised in this section. 

5.3.1.1$The$Use$of$Two$Scenarios$
For compliance to reality, the optimal modelling solution would have been to create one single mesh of 
the bathymetry and calculate both the low and medium flow with that model. At an early stage of the 
project this was tried, but was unsuccessful. 

As mentioned when introducing the cold start (section 3.3.2.2), no nodes should be located above the 
water surface. Knowing this advocates that fact that it would be feasible to create a mesh adapted for the 
medium surface water level and then gradually lower the water surface and discharge from medium flow 
conditions to low flow. However, doing so led to computational complications when dry elements 
appeared that resulted in unreasonable velocities and to mass losses. This is exemplified in Figure 30 and 
31 where the velocities, numerically calculated in each mesh node, are illustrated with magnified arrows. 

 

Figure 30. Illustration of situations where numerical iterations fail to converge due to occurrence of dry elements.  



UPPSALA UNIVERSITET Evaluation of Impacts from River Engineering Measures at 
Nanjing Reach of Yangtze River 

 

59 

 

Figure 31. A smaller area of the mesh zoomed in. It can be seen that areas where elements been turned off due to dry nodes are 
causing unstable velocities. 

Stability problems like above could be solved by placing elements so that the nodes at the boundary 
elements have the same bed elevation in the flow direction. By doing so the transition would be smoother 
and inconstancies in the mesh, as shown in Figure 31 above, could be avoided. Elements need to be 
switched of in a way that makes the “new” boundary of water flow smooth and not causing any 
calculation issues or mass losses. It is however considerably time consuming and difficult to achieve 
perfect element geometry to manage a lowered WSE when dealing with a mesh of this size. The varying 
of WSE along the river (higher upstream and lower downstream) of the model mesh makes this task even 
harder. 

Another way of dealing with the problem of dry nodes is to only use a mesh created for the low flow 
scenario. The drawback of this option is that some riverbed characteristics are lost due to the lower 
boundaries that affect the hydrodynamic output. Therefore, the chosen solution was thus to build two 
meshes from an identical bathymetry, one mesh for each flow scenario with different WSE. Uncertainties 
related to this are discussed further below in this discussion part.  

However, even though the underlying bathymetry was the same, the mesh for each scenario was created 
individually and due to this slight differences between the meshes were impossible to avoid. This could 
have affected the result in some extent but was not considered significant. Parameters that leads to slight 
differences between the meshes were the amount of elements used, the angles of the elements and the 
diversity of solutions chosen to solve different mesh quality problems. This kind of subjective way of 
working unfortunately brought a few sources of error when aiming to describe reality but was in all 
considered acceptable. 

To conclude, the positives of the choice to use two meshes are considered preferable and outweighed the 
drawbacks. The river characteristics between the scenarios differed since the hydrodynamic conditions 
varied, which made separate calibrations necessary. In all, the use of two meshes gave an improved 
understanding of the hydrodynamic situation and the impact of the implemented dykes.  
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5.3.1.2$Input$Data$
When choosing the amount of elements in the model for a given bathymetry it is always a trade off 
between a well-described riverbed with good calculation abilities and the accepted calculation 
requirements of memory and time. It should also be mentioned that there is an upper limit for the number 
of elements needed. There is no need for the amount of calculating elements describing the bathymetry to 
exceed the amount of input data, in this case the size of the scatter from survey data. A mesh that is 
oversized of elements will only increase the requirements for computation with small improvements of 
accuracy in the output. It is suggested from the developers (Howlett 2012) that for successful dynamic 
modelling, the elevation change across an element should not exceed 1 foot. This is something that is 
impossible to achieve in this case due to the scale of the investigated area and limitation on computation 
power.  

When talking about the size of the data set, the quality of the measurement is also vital for the output. In 
this project data was collected at different days in both the low and medium flow scenarios. Even though 
the NHRI choose a period of stable flow for the measurements the water flow at the measurements 
slightly differed (for instance for the medium flow: 27300 m3/s at B1 and 28000 m3/s at B7). This could 
at first seem like an insignificant difference (about 2.6 %) but since the aim is to evaluate the WSE with 
centimetre-precision it is likely that this difference in discharge bring errors into the output of the model. 
It is difficult to assess the magnitude of the following inaccuracy of the model due to measurement errors 
in the data set.  

Another factor of influence that was encountered was the varying of inflow water discharge profile 
depending on the initial choice of drawn inflow mesh boundary line. This affected the following water 
velocity profiles and was thus adjusted to resemble the real case as much as possible. It was however 
clear that this late found model characteristics stood for a great source of error. Smaller inlets and outlets 
along the river were also ignored, sections with certain in- and outflow water discharge that influenced 
the hydrodynamic properties in that area and the river bed bathymetry. 

 

 #
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5.3.2#Result#

5.3.2.1$Velocity$Profiles$
In the calibrating process some parts of the cross sections water velocity profiles were very hard to 
reshape with the use of the calibration tools at disposal and within realistic physical values. That could be 
a result of the fact that the model mesh was not perfectly describing the river bathymetry (e.g. too few 
elements) or/and that some measurement points are inaccurate (the measurement error of water velocities 
and river bathymetry may be larger at some points).  

The seemingly unsolvable mismatch of velocity profiles (for instance B31 and B34 in section 4.1.4.2) 
between the measured and the calibrated ones may have affected the distribution of water flow over the 
cross section and thus the performance of the investigated dykes. No clear signs of such errors, where 
more water appear to flow on one of either side of the river, can be extracted from the calibration results 
and therefore there is reason to believe the results obtained regarding the diversion ratio were good. 

5.3.2.2$Design$of$dykes$
In this project, placements of two separate non-submerged water-diverting dykes were investigated with 
varying length and angle relative the water flow. It is obvious that there are several other possible 
alternatives of engineering measures that could have a similar impact on the hydrodynamic scenario that 
were not treated in this thesis. For instance, a type of dyke with good potential to fulfil the objective that 
was not included in this study was a submerged structure. The placements of the chosen dykes could 
differ as well as the total amount of dykes, chosen types or geometry of the dykes itself.  

Regarding the geometry and implementation of the dykes in the model, some technical flaws were made 
in the use of the software that especially affected the width of the structures. The implementation resulted 
in a top width of about 20-30 meters, when a reasonable value was supposed to be approximately 6 
meters according to supervisor. This led to unrealistically large dykes but is assessed to have minor 
impact on the hydrodynamic result and therefore considered negligible. Since structure stability is not 
studied in this project, or the economics of material use for that matter, there was no need to adjust this 
issue.  

5.3.2.3$Feasible$Solution$
A comprehensive study is necessary to be able to present recommendations of value.  As shortly 
mentioned in section 2.1 dykes diversion ratio is not the only factor to consider. Aspects of material use, 
structural stability and influence of sea based transport activities in the area are the three most important 
factors left out in this study that also needs to be regarded before any decisions can be made.  

Impact on Navigation 
Concerning the requirements of shipping by larger vessels are passing through the studied reach, any of 
the examined measures will obstruct those existing conditions. For the solution with the best overall 
diversion ratio (215°/950 m + 105°/750 m) the most narrow cross section were at the “rear dyke” and had 
a distance to the opposite river shore (with river depth of minimum of 12.5m which is necessary for larger 
ships according to supervisor) of approximately 600 meters. This is much less that the current situation 
where the usable cross section is about 1000 m. The Chinese Ministry of Navigation may therefore 
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oppose the discussed solution. These are new conditions that need to be accepted by all parts involved 
and is an issue that has just been realised and not further treated in this project.  

Dyke Stability and Economic Feasibility 
As mentioned, one simplification of this study was that no dyke stability was considered. Therefore it 
could not be excluded that any of the presented solutions practically were implementable. Comments 
from supervisor suggested that the front dyke, with a total length of 950 m, could be too long to make 
stability possible within reasonable costs. 

When looking at the difference between diversion ratios for the two flow scenarios for two of the rear 
dyke solutions, 105°/750 m and 120°/550 m, it can be seen that the difference between them are relatively 
small and almost negligible (see Tables 22 and 23 in section 5.2). There is also no significant advantage 
for either of the solutions in terms of distance from the dyke edge to river shore. This suggested that the 
dyke of 120˚ was a more cost effective measure to achieve the same impact on the diversion ratio since 
less concrete would be needed due to its shorter length. However, the force on the dyke would also be 
larger since it was more perpendicular to the flow. This fact might increase the material needed to 
construct the 120˚ dyke due to stability issues. In the extreme scenario the costs would be increased to 
such an extent that the longer 105˚ dyke is cheaper. Stability analysis needed to be considered to know the 
optimum choice. Added to the discussion of economical factors it should also be mentioned that 
implementing two dykes simultaneously maybe would not be economically feasible.  
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6.# Preliminary# Simulation# of# Sediment# Transport# with# Engineering#

Measures#

Sediment transport patterns and impacts on hydrodynamic behaviours have been investigated after 
implementation of chosen engineering measures in Nanjing Reach of Yangtze River. Section 6.1 explains 
the set up of the examination and 6.2 present the obtained results. 6.3 contain discussion regarding the 
result, the methodology and the model. 

6.1$Simulation$Set$Up$
For the preliminary modelling of sediment transport, the same conditions and settings were used as in the 
calibration of the sediment transport model (section 4.2). That includes the riverbed materials as well as 
sediment characteristics such as empirical calculation formula, grain sizes and compositions in different 
bed layers. The initial bed elevation used was from the data set from 2010. 

The settings in Table 24 were used to analyse the impact from the implemented engineering measures on 
the sediment transport over a three month long period (2232 hours). The discharge and WSE were set to 
be steady during the simulation, corresponding to previously used levels for the low and medium flow. 

 
Table 24. Run scheme for dyke impact analysis 
Discharge 
[m3/s] 

WSE     
 [m] 

Time step  
[h] 

Run time 
[h] 

15400 1.65 2 2232 
27300 3.84 2 2232 

 

Three scenarios, each with the dyke giving the best results in the hydrodynamic examination (see chapter 
5), were investigated (explained further in figure 24).  

1. ‘Front Dyke’ with 215 degrees angel and 950 meters length (215°/950 m) 
2. ‘Rear Dyke’ with 120 degrees angle and 750 meters length (120°/750 m) 
3. A combination of the dykes in 1 and 2. 

6.2$Result$
The results for the three scenarios are presented in figures showing the sediment movement and with a 
table that indicates the development of the diversion ratio due to the riverbed evolution. 

6.2.1#Pattern#of#Sediment#Transport#

The Figures 31-33 shows the sediment patterns caused over a three months period of low flow with the 
investigated engineering measures implemented. The changes in the riverbed are illustrated with a fixed 
interval to simplify the comparison. 

As can be seen in each of the figures, erosion (indicated by blue colour) occurs in the areas around the 
dyke. This is expected due to the change of flow velocities in these areas that the dykes give rise to (see 
Figure 27, section 5.2.2 for example). As a result, larger areas of deposition occur both before and after 
the erosion sections. The deposition before the dyke is likely to be caused from the decrease in water 
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velocity that the dyke causes while the area of deposition immediately after the erosion section appears 
when flow velocities decreases again.  

 

Figure 31. Sediment deposition (red) and erosion (blue) after influence of the front dyke (215°/950 m) during 3 months of low 
flow. 

 

Figure 32. Sediment deposition (red) and erosion (blue) after influence of the rear dyke (120°/750 m) during 3 months of low 
flow.  
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Figure 33. Sediment deposition (red) and erosion (blue) after influence of both the front and rear dyke (215°/950 m and 
120°/750 m respectively) during 3 months of low flow. 

It should be noted that both the maximum erosion and deposition values are considerably larger in each 
area respectively than the colour scale implies. Most erosion occurs in the case where only the front dyke 
is implemented (area close to the dyke downstream) where the maximum erosion magnitude is 
approximately 1.5 m after 3 months of low flow. At medium flow during 3 months, the maximum erosion 
increases to 3.5 m. This is about three times more than the maximum erosion magnitude for the 
corresponding area that was seen when the rear dyke was implemented (around 0.4 m). When using the 
rear dyke however, a couple suspicious nodes at the boundary showed about 3 m erosion, which implies 
that the results may not be fully trustable for this solution. 

6.2.2#Riverbed#Evolution#H#Impact#on#the#Diversion#Ratio#

Due to the use of a simplified mesh for the sediment transport model (elaborated in section 4.2), the 
hydrodynamics are a bit different from the presented hydrodynamic result in section 5.2.Therefore, it 
should be pointed out that the initial diversion ratios as well as the impact from each dyke result is not 
identical to earlier results. Since the sediment transport model is more simplified to achieve 
computability, the hydrodynamic results showed here should be considered as less accurate although 
good enough to compare the obtained differences caused from sediment transportation. 

The water flow is influenced by a continuously changing river bathymetry caused by sediment transport. 
The main issue of this project, an increasing difference in the diversion ratio, origins from the sediment 
transport as been explained in section 1.2.2. Therefore, it is of interest to see how the impact of such 
changes is affected by the implementation of dykes to assess the long-term feasibility. Table 25 and 26 
shows the diversion ratio between the north and south branch before and after three months influence of 
sediment transport at low discharge level. To increase the comparable output, the comparisons are made 
for both low and medium flow.  
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Table 25. Diversion ratio before and after 3 months of simulation at low flow with engineering measures implemented. 
Div. Ratio With Engineering 
Measures (Low Flow) 

   

 2010 [%] 3 Months [%] Diff. 3 Months (% Units) 
Front Dyke 81.1 – 18.9 81.8 – 18.2 0.7 
Rear Dyke 81.9 – 18.1 82.0 – 18.0 0.1 
Combination 78.2 – 21.8 78.6 – 21.4 0.4 
    
Calibrated Model  
(Without Engineering 
Measures) 

87.8 – 12.2 87.8 – 12.2 0.00 

 
 
Table 26. Diversion ratio before and after 3 months of simulation at medium flow with engineering measures implemented.  
Div. Ratio With Engineering 
Measures (Medium Flow) 

   

 2010 3 Months [%] Diff. 3 Months (% Units) 
Front Dyke 78.5 – 21.5 80.3 – 19.7 1.8 
Rear Dyke 77.9 – 22.1 78.3 – 21.7 0.4 
Combination 74.3 – 25.7 75.4 – 24.6 1.1 
    
Calibrated Model  
(Without Engineering Measures) 

85.5 – 14.5 85.5 – 14.5 0.034 

 

As seen in Table 25 and 26 above the performances for all three engineering measures can be expected to 
decrease over time. This is due to the changing riverbed caused by the erosion and deposition pattern 
shown in Figure 31-33. Most affected is the performance of the front dyke while the rear is relatively 
stable. The combination of them both appears to affect the development somewhat close to the average 
between the front and rear dyke.  

All the analysed measures clearly increase the changing rate of the diversion ratio. The change is 
significant compared to the case without any engineering measures where minimal change occurs during 
the simulated discharge levels. Initially, the performance of the front and rear dyke is comparable, 
although not identical, as seen in Table 25 and 26 above. However, the sediment transport simulation 
shows important differences in the evolvement between the solutions. The erosion process rapidly 
decreases the impact of the front dyke, which makes the rear dyke more sustainable.  

When comparing the diversion ratios for the different scenarios after 1,2 and 3 months of sediment 
transport a slight decrease of the impact from the erosion process could be noted. This implies that the 
negative effect seen on the evolution may decline after some time. The trend exemplified in Figure 34 
below is almost linear however, which make this interpretation doubtful. To draw any conclusions of 
value the simulations need to be performed over longer time and preferably including different discharge 
levels.  
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Figure 34. Illustrative presentation of the change in diversion ratio for each engineering measure over time. 

 

6.3#Discussion#

6.3.1#Method#

This part will discuss different methods that were used in the modelling process other and important 
factors of adjustment that were made to achieve certain goals.  

 

6.3.1.1$New$Model$Build$Up$–$Introduced$Simplifications$
Amendments of Mesh 
The originally constructed model contained plenty elements to describe the river bathymetry in a good 
way, which was suitable for hydrodynamic simulations. The sediment transport simulations however, 
brought heavier requirements on computation (memory and time), which limited the number of elements 
that could be used. The original hydrodynamic mesh was thus not appropriate for the sediment transport 
part and a modified model where simplicity was emphasised was created to make the sediment 
transportation simulation doable.  

These adjustments however caused greater sources of error in the investigated hydrodynamic output. 
Mainly WSE and velocity profiles were influenced and are to be found in Appendix A4. Regarding the 
diversion ratio, there was a trade of between the low and medium flow results. The low flow diversion 
ratio was prioritised since this is the flow case during approximately 75 % of the year, something that is 
discussed further in section 6.3.1.3 (Focus of calibration). 

 
One Model for an Interval of Flow Discharge 
Unlike the hydrodynamic modelling, where different models where used for different flow discharges, the 
one year sediment transport simulation needed to operate over a large interval of river flow discharges 
and their corresponding WSE during the calibration. A single model mesh was required to handle these 
varying hydrodynamic conditions. The sediment transport model used to describe the river bathymetry 
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was accomplished from 2010 years survey data and the boundaries were drawn at elevation 0 m (compare 
to 1.65 m for the low flow for hydrodynamic simulations). This particular elevation was set to be under 
the water surface by 1-2 meters (when low flow) to make the model computable.  

The fact that the WSE always is higher than the boundary at 0 m causes some errors. Since more of the 
river is left out from the model, it becomes narrower. This together with the fewer number of elements 
used explains the increased difficulty to obtain correct calibration results of the hydrodynamic parameters 
that occurred. It is also possible that more hot spots occurred at the boundaries (one of the major 
difficulties to overcome when creating the model) since a less accurate boundary will increase both water 
velocity and elevation at the boundary due to the narrower model. 

Mesh Elements 
The fact that the mesh of the sediment transport model has fewer elements makes it a less accurate 
description of river bathymetry with fewer nodes to be interpolated to the extensive survey data. 

This is easily realised looking at Figure 35-37 below showing the scatter set (survey data), hydrodynamic 
model mesh and sediment transport model mesh describing the river bathymetry. It is obvious that the 
ability to include smaller topographic change is smaller with the sediment transport model mesh 
compared to the hydrodynamic model.   

 
Figure 35. Measured river bathymetry as given from the survey data (scatter set). 
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Figure 36. River bathymetry described by hydrodynamic model (23 000 elements). 
 
 

 
Figure 37. River bathymetry described by sediment transport model (3 500 elements). 
 

Along with the narrower boundaries that were used for the sediment transport model, above explains why 
the hydrodynamic results from the same model should be considered as less accurate. Larger elements 
cannot emulate the bathymetry as good and thereby information that affects the output is lost. 

Added to above simplifications, SMS only allows linear properties of each element instead of the more 
accurate quadratic ones (difference described in section 3.3.2). To deal with this limitation, minor manual 
adjustments were made to include crucial bathymetry patterns in the model mesh as much as possible by 
placing nodes close to the deepest point close to the river sidewalls where the elevation rapidly increase. 
However, this does still increase the margin of error of the model since less of bathymetry data are 
utilised. Along with the narrower riverbed (lower boundary elevation) and the fewer elements used, these 
are the main simplifications that had to be undertaken to simulate the sediment transport.   
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Amendment of Specific Nodes to Avoid ‘Hot Spots’ 
In the case of fewer elements and less accuracy in mesh points, abnormally large sediment transport could 
emerge and cause divergence in computation. To eliminate such outliers adjustments were made in a way 
that caused a less authentic description of the river bathymetry. Measures of changing points in horizontal 
and vertical axis were subjectively taken in an extent that was thought necessary to make the model run 
and simultaneously maintain the credibility of the results.  

The most common problem that occurred was ‘hot spots’ of erosion and deposition along the mesh 
boundary. These had a large impact on the computability but were impossible to remove completely. 
Measures had to be taken to reduce the erosion or deposition in such points to make the model 
computable, which sometimes came to the cost of emulation of reality. The assessment is made that the 
impact from above adjustments does not affect the general sediment transport pattern obtained since the 
changed areas where very small.  

6.3.1.2$Input$Data$
Material Approximations 
The material used in sediment transport model was significantly simplified concerning manning’s 
roughness value (described in section 4.2). This simplification was necessary to achieve better sediment 
transport pattern but came to a cost of hydrodynamic accuracy. Also, some unavoidable limitations in 
material properties were present due to model simulation stability as well as software build up that are 
elaborated below.  

Two grain sizes were chosen to describe the sediment properties of the riverbed. A higher number of 
grain sizes were not possible in this case because of the convergence of the model and the requirements of 
data storage as well as consumption time for the calibration run. More grain sizes to describe the riverbed 
material had probably given a more realistic sediment transport pattern since it is closer to reality.   

When looking at the sediment properties input data (section 4.2) noteworthy differences in riverbed 
composition were found in the sediment data. For instance, section B2 had in general larger grain sizes 
compared to B3 (seen in Appendix A2). This unbalance of disposition was something that could not be 
fetched when initiating simulations. SMS uses the same grain sizes with chosen disposition for the entire 
model, which leads to somewhat false initial conditions of the riverbed composition. 

6.3.1.3$Credibility$of$Model$
Calibration Sensitivity 
From previous discussion, it is obvious that the used sediment transport model was incapable to catch all 
hydrodynamic factors. Limitations in computer power and time schedule, software inability to emulate 
reality, user made choices of input data and settings are all examples of drawbacks related to the sediment 
transport model.   

The issues of hot spots, mesh boundary elevation and sediment settings such as number of grain sizes and 
erosion factor were all related to numerical sensitivity of the model that led to errors during computation. 
Even though a reasonable calibration result was obtained, the difficulties to make the model computable 
reduced the freedom to adjust the calibration parameters such as the grain size composition and the 
erosion factor. For instance, the sediment data implied that a suitable composition of small and big grains 
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would be 10 % small and 90 % big (for cases where 2 grain sizes were used). However, adjusting the 
used values (5 % small and 95 % big) led to a software crash when the calibration run was undertaken. 
The calibration result, showing an annual decrease ratio of the diversion ratio of 0.14 percentage points is 
a bit off the true value (0.2), which implies that too little erosion and deposition occur in the model. 
Therefore it would be suitable to increase the erosion factor slightly. A different distribution of sediment 
over the area from the erosion and deposition process is also a possible way of correcting the error. This 
could be achieved by increasing the amount of small grain sizes since small grains have a higher tendency 
to end up where water is moving slowly (i.e. the north branch). Unfortunately neither of these changes 
was computable and therefore led to that the calibration result had to be accepted as it was. 

The fact that the model is so sensitive to changes of input parameters makes the credibility of the model 
questionable, even though the obtained results are perceived okay. The reference results of sediment 
transport simulations showed in Table 25 and 26 are also something that indicates that the model does not 
work fully as intended. These values show that the main part of the erosion and deposition that have 
impact on the final result occurs during the high discharge. There is nothing wrong with the fact that most 
erosion and deposition occurs when water flow is higher, but it is questionable that the erosion and 
deposition occurring during low flow does not seem to have any impact on the diversion ratio. Therefore, 
it is important to have in mind that the results for the sediment transport only are preliminary and should 
be treated carefully. 

Focus of Calibration 
As mentioned in section 4.2.1 regarding the hydrodynamic calibration of the sediment model, the 
diversion ratio calibration was focused to match the low flow measurements since most of the year 
consisted of low flow discharge level (see figure 20). However, the reference runs performed for 
comparison of the diversion ratio decrease rate after implementation of the dykes (Table 25 and 26) 
shows that the low flow does not have any notable impact in the model. Even though some sediment 
transportation occurs it is too little to have any impact. Therefore it is discussable if a better focus would 
have been to match the medium diversion ratio since it is reasonable to believe that a correct medium 
ratio would improve the correctness of the model performance during high flow. Because the most impact 
from sediment transport on the diversion ratio occurs during the high flow and the shift towards low, it is 
to more value that the model performance is correct during this period. 

A simple test was performed to see what impact such change would have on the output. When the model 
was calibrated to match the medium diversion ratio, the impact on the decrease rate was less. Without 
stating whether the medium calibration approach is more correct or not, using it would have increased the 
error of the annual decrease obtained from the calibration run.  

6.3.1.4$Simulation$Time$Step$
The sensitivity analysis showed that small differences occurred when alternating the interval of 
calculation. Although the differences were small, it implies that a smaller time step should have been used 
since the length of the time step should not change the output for a properly working model. Previous 
experience from supervisor also suggests that the size of the time step is important for the numerical 
stability of the model. Thus, shortening the time step would most likely have made it easier to make the 
model computable. This would have been valuable due to the difficulties experienced (discussed under 
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Calibration sensitivity above). However, a shorter time step quickly increases the cost of time for the full 
calibration. With the computer power at hand, 2h time step led to a calibration time of approximately 24 
hours, which was perceived as the longest acceptable time.  

6.3.2#Results#

6.3.2.1$The$River$Flow$Characteristics$Effects$on$Sediment$Transport$
The discussion about the flow characteristics of the hydrodynamics (section 5.3) is also relevant for the 
sediment transport since it is the water flow that determines the erosion and deposition pattern. Even 
though there are more parameters involved in the governing sediment calculations, the water velocity is 
important. The fact that the hydrodynamic calibration does not perfectly match the measured values may 
cause particles to erode or deposit in the wrong areas. Since only one mesh is used for the sediment 
modelling the error caused by mismatching velocity profiles is larger, however impossible to avoid 
completely. Due to this, there is an error built in to the result of the sediment transport pattern of 
unknown magnitude. The assessment is made that above do not have significant impact on the result 
overall since the diversion ratio output of the simulation is not the main interest. 

Long-Term Patterns of Sediment 
As been pointed out in the sediment transport results, neither of the investigated solutions provides 
sustainable improvement for the north branch. All measures instead enhance the erosion process that lead 
to the devastating decrease of water in the north branch making the positive impact on the diversion ratio 
only short term. As the rear dyke showed better results than the other alternatives, simulations with a 
shorter rear dyke (550 m and 120˚) than presented in the result in 6.2 were carried out. This significantly 
reduced the negative impact to a level that is nearly twice as bad as the current situation (previously about 
three times worse). Shortening the dyke can therefore be considered to extend the period of the positive 
impact but the cost is that the water-diverting impact is almost halved to begin with. If the diverting 
magnitude is acceptable with a shorter dyke this solution will most likely provide a better sustainability.  

The main result still stand however, any of the studied dykes will not solve the initial problem with a 
yearly reduction of the diversion ratio. It would therefore be interesting to investigate other engineering 
measures that has the potential to change the erosion and deposition pattern in a way that does not 
worsening the situation. A submerged dam across the south branch may be such measure. It is not 
unlikely however that it will prove to be unsuccessful as well since the impact on the diversion ratio may 
be too low (height of the submerged dam will be limited since large scale shipping has to be possible). 
Also the erosion and deposition could cause the process of increasing diversion ratio continue even 
though there is a chance it will not. 

It would also be interesting to study what effect a submerged dyke would have on the annual decrease 
ratio. There is a chance that it may lead to less decrease rate since less water is forced another way during 
higher discharge levels and therefore the solution may be less sensitive to increasing discharge levels. As 
can be seen in Table 25, the rear dyke does not significantly affect the decreasing rate at low flow. If the 
dyke is constructed so that it will be submerged at a WSE close to the one at low flow the increase of the 
worsening effect that is seen may be avoided although the diverting impact will be much less. The 
suggested impact was not tested however due to limitations of the software.  
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6.3.2.2$Credibility$of$the$Results$
Hot Spots Occurring During Simulation of Engineering Measures 
As seen in Table 25 and 26 the diversion ratio between the two branches quickly worsen with 
implemented engineering measures. The result points out that the Rear Dyke is the option to prefer when 
regarding the most sustainable solution over time. In this case it is also realised that the water pass-
through between the water diverting dyke and the opposite shore is narrower for the Rear Dyke than for 
the Front Dyke. The narrower distance causes greater hot spots of erosion on the mesh edge, an unwanted 
phenomena discussed in section 6.3.1.1. For the Front Dyke, no hot spots of occurred at the mesh 
boundary. 

Since the model is even narrower than the river in reality, the result of this could be that more erosion 
‘gets caught’ in the edges instead of in the riverbed. In turn there is a possibility that the output of the 
Rear Dyke simulations indirectly result in less change of the diversion ratio over time if only a few nodes 
get affected at the boundary instead of a larger area. Therefore there is a danger that an underestimation of 
the decrease ratio is made for this measure.  

 $
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7.$Conclusions#and#Recommendation#
The north branch of Nanjing Reach is suffering from yearly decline in water flow. The development has 
been going on for several decades and is primarily caused from the erosion and deposition pattern in the 
area. The many dams built upstream of Yangtze River limits the natural flow of sediments, which lead to 
an imbalance where more sediment is carried away than that enters. The recent construction of the Three 
Gorges Dam has further enhanced the downward spiral. Located along the north branch are many 
industries that are highly dependent on the availability of shipping goods. The economic activity asks for 
expanded wharfs to meet demand but the risk is severe that the development becomes restricted by the 
lowering water flow. 

This thesis studies the impact of selected conventional river engineering measures with the potential to 
break the unwanted development. An effort is made to consider the impacts on both hydrodynamic 
conditions and sediment transport through application of numerical modelling. After calibration, 
hydrodynamic and sediment transport simulations was performed and the output analysed.  

 

7.1#Conclusions#Drawn#from#the#Hydrodynamic#Simulations#

Calibration Results 
The model calibration was overall successful with just a few observer points with unsatisfied 
hydrodynamic properties exceeding a margin of error by 10 % from survey data. Adjustments of 
Manning’s roughness value in different riverbed materials were used as the main calibration tool, with 
emulation to reality in mind.    
 
Improvement of Diversion Ratio 
The hydrodynamic simulations showed that an improvement of the diversion ratio by 12.2 (medium flow) 
and 9.8 percentage units (low flow) could be achieved from implementation of two dykes in the 
suggested area. It should be noted though that the effect from each individual dyke was not added when 
two dykes are put together which made this solution less cost effective.   

Impact on Water Surface Elevation 
No solution in this study would significantly change the water depth of the north branch. A slight increase 
of the WSE in the north branch (cross section B3 and B5) with 7cm respectively 4cm during low flow 
was achieved for the two dykes solution. However, the WSE would get 1cm lower at B6.  

Construction Feasibility 
The hydrodynamic results also showed that dykes at the rear area were more effective per length unit 
dyke structure than dykes at the front. Added to that, the riverbed bathymetry was more even at the rear 
area, which would make construction easier. If both the front and rear area was considered equal in terms 
of feasibility, the rear area was to be preferred.  

Factors that Needs Further Studies 
However, before making any final decisions, dyke stability has to be evaluated to know what solution that 
is implementable and cost effective. Table 21-23 (section 5.2.1 diversion ratios) can be as guidance for 
this work depending on what impact that is necessary to achieve. 
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7.2#Conclusions#Drawn#from#Simulations#of#Sediment#Transportation#

The results from the sediment transportation should only be regarded as preliminary due to the difficulties 
obtained during the modelling process, although some important indications can be extracted from the 
results. 

Calibration Results 
The sediment transport model contains calibration of parameters regarding both hydrodynamics and 
sediment transport. Compared to the hydrodynamic counterpart the sediment transport model is 
simplified in a lot of aspects (fewer elements, more equal bed materials etc.). The hydrodynamic results 
are therefore not as accurate, especially the diversion ratios for the two flow cases. Engelund-Hansen 
transport formula was used to simulate sediment transport. The annual increase of the diversion ratio 
obtained was 0.14 percentage units, which is too little compared to the trend previous years (0.2 
percentage units) but assessed as acceptable due to difficulties in changing the calibration parameters and 
successfully compute the model.  
 
Interpretation of Results 
The aim of the sediment transportation was to describe the change in riverbed evolution that would occur 
as a side effect when implementing any of the studied engineering measures. The model generated was 
good enough to fetch the dynamics and trends of the system but specific numbers such as impact on 
diversion ratios and erosion depth should be treated with care. However, since the dynamics of the reach 
in general can be shown, the obtained impact trend was usable to draw some conclusions regarding the 
sustainability of the studied solutions. 

Expected Impact on the Fluvial Process from the Studied Engineering Measures 
The results of the sediment transportation simulation put further incentives towards use of a dyke at the 
rear area. The exact numbers presented in Table 25 and 26 should not be considered as true values but 
clearly show that the Rear Dyke is having least negative impact on the change rate of the diversion ratio. 
Unfortunately, the negative trend is still reinforced when the Rear Dyke is implemented and therefore the 
solution is not sustainable.  

 #



UPPSALA UNIVERSITET Evaluation of Impacts from River Engineering Measures at 
Nanjing Reach of Yangtze River 

 

76 

7.3#Recommendations#

The results show that a sustainable impact of improved diversion ratio cannot be achieved by the 
measures investigated in this work. If the situation is critical and a short-term solution is necessary, the 
rear dyke of 750 m and 120˚ angle is recommended if it can be successfully implemented with respect to 
stability and navigation. This solution has the best impact on the diversion ratio and is causing the slowest 
reduction rate. If the magnitude of the diversion ratio does not need to be increased as much as the 750 m 
and 120˚ dyke is expected to do, a shorter dyke may be used to extend the sustainability of the 
implemented measure.   

It may also be good to think in a long perspective regarding future hydrodynamic and sediment charges 
when planning this kind of implementation of engineering measures. For instance, a future increase in 
electric power demand could promote higher incentives towards investing in more hydropower, which 
would affect the investigated scenarios.  

Some general experiences that can be useful for future studies of similar situations are the limitation of 
hydrodynamic modelling and awareness of restrictions in computer power or time. 

Hydrodynamic modelling is very useful to evaluate what improvements that can be achieved to the river 
conditions. An important limitation to consider however is that such modelling is just hydrodynamic and 
nothing more. As shown in this thesis, if only the hydrodynamic would have been considered it is likely 
that a poor solution could have been adopted. Even though it is difficult to sufficiently model sediment 
transportation with high detail the importance of erosion cannot be neglected. 

It is good to be aware if any limitations apply to factors necessary to successfully complete modelling 
projects similar to this work. For instance high computer power is preferable, the ones used in this work 
(two computers with 1.8 respectively 2.4 GHz processors) have been enough but working with computers 
at less standard is not recommended due to cost of time for sediment simulations. This leads into another 
factor, namely time. Even with good computer power available, if long-duration simulations are 
necessary for the project the work will take time. The calibration phase are especially time consuming 
when the model is to be validated with a feedback process that is slow and sensitive to changes. To ensure 
the quality of the project it is important to set aside a lot of time for this section if previous experience is 
not at hand (but may be needed anyway).  
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Appendix 
A1. Hydrodynamic Data 
 
A2. Sediment Data 
 
A3. Coordinates of measurement points (Medium/Low flow discharge) 
 
A.4 Velocity profiles & Water Surface Elevation 
 Hydrodynamic Model 
 Sediment Transport Model 
 With Engineering Measures (Hydrodynamic Case) 
 
A5. Sensitivity Analysis 
   Manning 
   Viscosity 
   Inflow 
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A1 Hydrodynamic data 

Low Flow Scenario
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Medium Flow Scenario 
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A2 Sediment data  



UPPSALA UNIVERSITET Evaluation of Impacts from River Engineering Measures at 
Nanjing Reach of Yangtze River 

 

89 

Nanjing Yangtze River Inlet Road Improvement Project Baguazhou 
second Hydrometric 

Suspended sediment particle size distribution of the results table 

Survey area: Nanjing 
Reach 

    Measuring time 
:2011-2 

  Sampling Date: September 27, 
2011 

 

 
Section 

 
Point 

 
D 

A small amount of a particular particle size sand percentage (%)  D50 
(mm) 

D99.95 
(mm) 

 

Particle size class (mm)  

Percentage of 
particles 

0.001 0.002 0.004 0.008 0.016 0.031 0.062 0.125 0.250  0.500  1.00   

 
B1 

1 554 6.6  16.3  32.2  53.0  75.1  91.1  98.3 99.8 100     0.007  0.156   

  2 716 7.1  17.1  33.0  53.8  76.2  92.3  99.3 100       0.007  0.078   

  3 889 10.2  21.9  38.0  57.9  78.0  90.8  96.0  96.7 96.7 98.5 100 0.006  0.758   

  4 1066 6.5  16.0  31.8  53.0  75.7  91.8  98.6 100  100     0.007  0.118   

  5 1223 6.9  16.5  32.1  52.7  75.3  91.7  98.9 100       0.007  0.103   

  6 1374 7.6  17.7  33.6  54.5  77.3  93.3  99.7 100       0.007  0.068   

The average cross-
section 

7.5  17.7  33.5  54.2  76.3  91.8  98.4  99.4  99.4  99.7  100  0.007  0.758   

                                 

B2 1 334 6.6 15.9 31.2 51.4 74.0 91.1 98.6 100.0 100     0.008 0.117  

  2 477 7.4 17.3 32.6 52.5 74.9 91.8 99.2 100.0       0.007 0.079  

  3 633 7.3 17.4 33.1 53.6 75.9 92.1 99.2 100.0       0.007 0.079  

  4 794 7.5 17.9 34.0 54.5 76.6 92.5 99.2 100.0       0.007 0.086  

  5 945 7.1 17.1 32.9 53.2 75.7 92.4 99.6 100.0       0.007 0.069  

  6 1058 4.5 11.5 25.5 47.7 72.4 89.9 98.0 99.7 100     0.009 0.183  

The average cross-
section 

6.9 16.5 32.0 52.5 75.2 91.8 99.0 100.0 100     0.007 0.183  

                 

B3 1 1081 4.6 11.9 26.2 48.2 72.5 90.1 98.3 100       0.008 0.106  

  2 1214 4.4 11.3 24.6 45.3 68.7 86.8 96.6 99.2 99.9 100   0.009 0.252  

  3 1308 4.5 11.4 25.1 46.3 69.8 87.7 97.1 99.5 100     0.009 0.217  

  4 1398 4.5 11.7 25.6 47.0 70.7 88.3 97.1 99.3 100     0.009 0.246  

  5 1487 4.7 12.0 26.1 47.7 71.7 89.0 97.5 99.7 100     0.009 0.184  

The average cross-
section 

4.6 11.7 25.6 47.0 70.7 88.4 97.3 99.5 100     0.009 0.252  
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A3 Coordinates, velocities and depths for the velocity profile plots 

Medium'flow,scenario.,
Table,CFM1.,Coordinates!and!distances!for!each!cross!section!
Cross,
section,

X'
coordinates,

Y'
coordinates,

Distance,
[m],

Accumulated,Distance,

B2, 385684.0! 3558822.0! 0.0! 0.0!
, 385807.5! 3558675.4! 191.7! 191.7!
, 385899.8! 3558565.8! 143.3! 335.0!
, 386000.5! 3558446.2! 156.3! 491.3!
, 386104.2! 3558323.0! 161.0! 652.4!
, 386200.9! 3558208.1! 150.2! 802.5!
, 386274.0! 3558121.3! 113.5! 916.0!
, 386325.0! 3558054.0! 84.4! 1000.5!
, ! ! ! !
B3, 383679.0! 3559241.0! 0.0! 0.0!
, 384081.3! 3559136.7! 415.6! 415.6!
, 384210.1! 3559105.5! 132.5! 548.1!
, 384301.1! 3559083.4! 93.7! 641.8!
, 384389.2! 3559062.1! 90.7! 732.4!
, 384475.5! 3559041.1! 88.8! 821.2!
, 384564.0! 3559024.0! 90.1! 911.4!
, ! ! ! !
B4, 391747.0! 3562155.0! 0.0! 0.0!
, 391833.7! 3562015.7! 164.0! 164.0!
, 391907.6! 3561903.3! 134.6! 298.6!
, 391997.2! 3561766.9! 163.2! 461.8!
, 392084.1! 3561634.8! 158.1! 619.9!
, 392178.8! 3561490.7! 172.4! 792.4!
, 392268.2! 3561354.6! 162.8! 955.1!
, 392349.0! 3561243.0! 137.8! 1093.0!
, ! ! ! !
B5, 385483.0! 3567967.0! 0.0! 0.0!
, 385563.3! 3567834.5! 154.9! 154.9!
, 385645.2! 3567706.6! 151.8! 306.8!
, 385727.1! 3567578.7! 151.9! 458.7!
, 385809.3! 3567450.3! 152.4! 611.1!
, 385879.0! 3567341.4! 129.4! 740.5!
, 385916.4! 3567281.8! 70.3! 810.8!
, ! ! ! !
B6, 392335.7! 3565797.1! 0.0! 0.0!
, 392279.2! 3565748.7! 74.4! 74.4!
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, 392207.0! 3565691.6! 92.1! 166.5!
, 392136.5! 3565636.1! 89.7! 256.2!
, 392067.2! 3565581.3! 88.3! 344.5!
, 391994.0! 3565523.6! 93.2! 437.7!
, 391882.0! 3565436.2! 142.1! 579.8!
!
Table,CFM,2.,
Measured,Velocity,[m/s], Computed,Velocity,[m/s],
0! 0!
0.900! 0.867!
0.970! 0.973!
1.070! 1.020!
1.000! 1.029!
0.960! 0.940!
0.840! 0.864!
0! 0!
! !
0! 0!
0.470! 0.386!
0.470! 0.444!
0.470! 0.464!
0.570! 0.477!
0.490! 0.471!
0! 0!
! !
0! 0!
0.720! 0.741!
0.950! 0.860!
0.940! 0.943!
0.960! 0.988!
1.060! 0.982!
0.960! 0.918!
0! 0!
! !
0! 0!
0.520! 0.510!
0.550! 0.514!
0.480! 0.507!
0.440! 0.475!
0.400! 0.421!
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0! 0!
! !
0! 0!
0.500! 0.509!
0.550! 0.542!
0.550! 0.519!
0.530! 0.496!
0.390! 0.422!
0! 0!
!
!
Low'flow,scenario.,
Table,CFL1.,Coordinates!and!distances!for!each!cross!section!
Cross,
section,

X'coordinates, Y'coordinates, Distance,[m/s], Accumulated,Distance,

B2, 385723.7! 3558775.2! 0.0! 0.0!
, 385807.5! 3558675.4! 130.3! 130.3!
, 385899.8! 3558565.8! 143.3! 273.6!
, 386000.5! 3558446.2! 156.3! 429.9!
, 386104.2! 3558323.0! 161.0! 591.0!
, 386200.9! 3558208.1! 150.2! 741.2!
, 386274.0! 3558121.3! 113.5! 854.7!
, 386325.2! 3558058.8! 80.8! 935.4!
, ! ! ! !
B3, 383913.1! 3559178.6! 0.0! 0.0!
, 384081.3! 3559136.7! 173.4! 173.4!
, 384210.1! 3559105.5! 132.5! 305.9!
, 384301.1! 3559083.4! 93.7! 399.5!
, 384389.2! 3559062.1! 90.7! 490.2!
, 384475.5! 3559041.1! 88.8! 579.0!
, 384545.4! 3559024.2! 71.9! 650.9!
, ! ! ! !
B4, 391767.8! 3562122.7! 0.0! 0.0!
, 391833.7! 3562015.7! 125.6! 125.6!
, 391907.6! 3561903.3! 134.6! 260.2!
, 391997.2! 3561766.9! 163.2! 423.4!
, 392084.1! 3561634.8! 158.1! 581.5!
, 392178.8! 3561490.7! 172.4! 753.9!
, 392268.2! 3561354.6! 162.8! 916.7!
, 392336.8! 3561250.9! 124.4! 1041.1!
, ! ! ! !
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B5, 385498.9! 3567936.2! 0.0! 0.0!
, 385563.3! 3567834.5! 120.4! 120.4!
, 385645.2! 3567706.6! 151.8! 272.2!
, 385727.1! 3567578.7! 151.9! 424.1!
, 385809.3! 3567450.3! 152.4! 576.5!
, 385879.0! 3567341.4! 129.4! 705.9!
, 385907.2! 3567294.9! 54.3! 760.3!
, ! ! ! !
B6, 392333.8! 3565792.3! 0.0! 0.0!
, 392279.2! 3565748.7! 69.9! 69.9!
, 392207.0! 3565691.6! 92.1! 161.9!
, 392136.5! 3565636.1! 89.7! 251.7!
, 392067.2! 3565581.3! 88.3! 340.0!
, 391994.0! 3565523.6! 93.2! 433.2!
, 391921.5! 3565466.9! 92.1! 525.2!
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A4 Velocity Profiles &Water Surface Elevation (Calibration) 

Hydrodynamic#Model#

Numbers used to create plots in Figure 16 (p. 40). 

Table for medium flow. Velocity data in observation points at cross sections B2-B6 for the medium flow scenario. 
Measure 
Point 

Observed Value 
[m/s] 

Computed Value 
[m/s] 

Residual Value 
[m/s] 

Fraction 

B21 0.90 0.87 -0.03 -0.04 
B22 0.97 0.97 0.00 0.00 
B23 1.07 1.02 -0.05 -0.05 
B24 1.00 1.03 0.03 0.03 
B25 0.96 0.94 -0.02 -0.02 
B26 0.84 0.86 0.02 0.03 
B31 0.47 0.39 -0.08 -0.18 
B32 0.47 0.44 -0.03 -0.06 
B33 0.47 0.46 -0.01 -0.01 
B34 0.57 0.48 -0.09 -0.16 
B35 0.49 0.47 -0.02 -0.04 
B41 0.72 0.74 0.02 0.03 
B42 0.95 0.86 -0.09 -0.09 
B43 0.94 0.94 0.00 0.00 
B44 0.96 0.99 0.03 0.03 
B45 1.06 0.98 -0.08 -0.07 
B46 0.96 0.92 -0.04 -0.04 
B51 0.52 0.51 -0.01 -0.02 
B52 0.55 0.51 -0.04 -0.07 
B53 0.48 0.51 0.03 0.06 
B54 0.44 0.48 0.04 0.08 
B55 0.40 0.42 0.02 0.05 
B61 0.50 0.51 0.01 0.02 
B62 0.55 0.54 -0.01 -0.01 
B63 0.55 0.52 -0.03 -0.06 
B64 0.53 0.50 -0.03 -0.06 
B65 0.39 0.42 0.03 0.08 
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Figure of Velocity Profiles at low flow. Numbers used to plot are        
presented in the table below. 
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Table for low flow. Velocity data in observation points at cross sections B2-B6 for the low flow scenario. 
Measure 
Point 

Observed Value 
[m/s] 

Computed Value 
[m/s] 

Residual Value 
[m/s] 

Fraction 

B21 0.60 0.57 -0.03 -0.05 
B22 0.68 0.64 -0.04 -0.06 
B23 0.73 0.66 -0.07 -0.09 
B24 0.64 0.65 0.01 0.02 
B25 0.60 0.56 -0.04 -0.07 
B26 0.47 0.49 0.02 0.04 
B31 0.29 0.23 -0.06 -0.21 
B32 0.27 0.27 0.00 0.01 
B33 0.28 0.30 0.02 0.06 
B34 0.33 0.30 -0.03 -0.08 
B35 0.35 0.31 -0.04 -0.12 
B41 0.46 0.46 0.00 0.00 
B42 0.58 0.53 -0.05 -0.09 
B43 0.58 0.58 0.00 0.01 
B44 0.66 0.62 -0.04 -0.07 
B45 0.71 0.62 -0.09 -0.13 
B46 0.66 0.60 -0.07 -0.10 
B51 0.31 0.33 0.02 0.06 
B52 0.33 0.34 0.01 0.04 
B53 0.36 0.34 -0.02 -0.06 
B54 0.31 0.32 0.01 0.02 
B55 0.30 0.26 -0.04 -0.14 
B61 0.24 0.30 0.06 0.24 
B62 0.30 0.32 0.02 0.05 
B63 0.34 0.32 -0.02 -0.06 
B64 0.32 0.32 0.00 -0.01 
B65 0.27 0.29 0.02 0.09 
 

 

 #
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Sediment#Transport#Model#

 

#

#

#

#

 

 

 

 

 

 

 

 

 

 

 

Figure of Velocity Profiles obtained with the Sediment Transport 
Model at Medium flow. Numbers used to plot are presented in the 
table below. 
 

 #
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Table for medium flow. Velocity data in observation points at cross sections B2-B6 for the medium flow scenario. 
Measure 

Point 
Observed Value 

[m/s]  
Computed Value 

[m/s] 
Residual Value 

[m/s] 
Fraction 

B21 0.90 0.97 0.07 0.07 
B22 0.97 1.05 0.08 0.08 
B23 1.07 1.06 -0.02 -0.01 
B24 1.00 1.00 0.00 0.00 
B25 0.96 0.87 -0.10 -0.10 
B26 0.84 0.77 -0.07 -0.08 
B31 0.47 0.40 -0.07 -0.14 
B32 0.47 0.46 -0.01 -0.02 
B33 0.47 0.50 0.03 0.06 
B34 0.57 0.54 -0.03 -0.06 
B35 0.49 0.55 0.06 0.12 
B41 0.72 0.75 0.03 0.04 
B42 0.95 0.86 -0.09 -0.10 
B43 0.94 0.93 -0.01 -0.01 
B44 0.96 0.98 0.02 0.02 
B45 1.06 0.97 -0.10 -0.09 
B46 0.96 0.90 -0.06 -0.07 
B51 0.52 0.53 0.01 0.03 
B52 0.55 0.57 0.02 0.03 
B53 0.48 0.56 0.08 0.17 
B54 0.44 0.53 0.09 0.21 
B55 0.40 0.47 0.07 0.17 
B61 0.50 0.54 0.04 0.07 
B62 0.55 0.58 0.03 0.06 
B63 0.55 0.59 0.04 0.07 
B64 0.53 0.56 0.03 0.05 
B65 0.39 0.52 0.13 0.32 

#
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Figure of Velocity Profiles obtained with the Sediment Transport 
Model at Low flow. Numbers used to plot are presented in the 
table below. 

#

#

#

#

#

#
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Table for medium flow. Velocity data in observation points at cross sections B2-B6 for the medium flow scenario. 
Measure 

Point 
Observed Value 

[m/s]  
Computed Value 

[m/s] 
Residual Value 

[m/s] 
Fraction 

B21 0.60 0.597 -0.003 -0.005 
B22 0.68 0.651 -0.029 -0.043 
B23 0.73 0.664 -0.066 -0.090 
B24 0.64 0.64 0 0.000 
B25 0.60 0.558 -0.042 -0.070 
B26 0.47 0.499 0.029 0.062 
B31 0.29 0.2 -0.09 -0.310 
B32 0.27 0.255 -0.015 -0.056 
B33 0.28 0.29 0.01 0.036 
B34 0.33 0.315 -0.015 -0.045 
B35 0.35 0.321 -0.029 -0.083 
B41 0.46 0.476 0.016 0.035 
B42 0.58 0.542 -0.038 -0.066 
B43 0.58 0.589 0.009 0.016 
B44 0.66 0.616 -0.044 -0.067 
B45 0.71 0.613 -0.097 -0.137 
B46 0.66 0.575 -0.085 -0.129 
B51 0.31 0.322 0.012 0.039 
B52 0.33 0.347 0.017 0.052 
B53 0.36 0.345 -0.015 -0.042 
B54 0.31 0.326 0.016 0.052 
B55 0.30 0.28 -0.02 -0.067 
B61 0.24 0.296 0.056 0.233 
B62 0.30 0.322 0.022 0.073 
B63 0.34 0.327 -0.013 -0.038 
B64 0.32 0.314 -0.006 -0.019 
B65 0.27 0.291 0.021 0.078 

 

#

 #
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With#Engineering#Measures#(Hydrodynamic#Case)# #

#

#

 

 

 

 

 

 

 

 

 

 

 

#

#

Figure of Velocity Profiles obtained with the Hydrodynamic 
Model at Medium Flow. 

#

# #
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Figure of Velocity Profiles obtained with the Hydrodynamic 
Model at Low Flow. 
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A5. Sensitivity Analysis 

Manning’s#Roughnessvalue

#
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Viscosity#
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Inflow#

 

 

 


