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Abstract:

Sedimentation is one of the consequences of hydropower plant construction. Such structures
not only have an influence on reservoir morphology, but also have great impact on both

upstream and downstream river morphology.

This study focuses on fluvial morphological changes in between two hydropower plants on
the Drava River, Austria. The influence of both reservoir management methods (flushing)
and human intervention (groynes) have been investigated. The first stage started with
validating an unsteady Delft3D morphodynamic model of the meandering reach. This
validation shows the importance of spatial grain size distribution in predicting bed load
transport. Analysis of the flushing method includes investigation of the duration of gate-
opening before and after peak flood. The results show that the duration of lowering the water
level at the hydropower plant (by opening the gate) before starting the peak flood will not
have a big influence on the river morphology upstream of the reservoir. However, the
duration of maintaining the low water level after the peak flood has a large influence on both
the river morphology in the upstream portion of the reservoir and on the sediment transport

toward the reservoir

In the second part of this study, hydraulic structural groynes were applied in the river reach.
The objective was to design a groyne field that will minimize sediment transport to the
reservoir. Both emerged and submerged groynes were investigated. In addition, the
influences of both groyne head shape and the distribution of sediment grain size in the groyne
zone were examined. This study shows that under an unsteady simulation, when the groynes
are submerged by 1m at normal flow, the sediment supply to the groyne zone decreases
compared to the emerged case. However, if the groynes are submerged by 0.5m, the sediment
supply to the groyne zone will be greater than the emerged case for an aspect ratio in between
(0.5-2). Finally, applying L-head groynes produces less erosion in the main stream and a

higher sediment supply compared to straight groynes.

Vi
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1. Introduction:

In 1968, a hydropower plant was constructed in a segment of the Drava River in the
western part of Austria’s Carinthia province. Like other power plants, construction of such a
structure has severe impacts on sediment transport, and produces large sedimentation in both
the reservoir and the upstream river reach. Such sedimentation was evident in a Drava River
bathymetric survey conducted in 2012 by researchers at the Graz University of Technology
on behalf of Verbund (AHP), the Austrian hydroelectric utility. However, sedimentation in
this study area was not only due to the downstream reservoir but also due to a series of
hydropower plants upstream of this reach. These reservoirs release large quantities of
suspended sediment to the current reach. This suspended sediment also influences the
operation of the downstream hydropower plant.

To manage such a complex area more effectively in order to meet all the demands, a
powerful numerical modeling tool is required to understand the interaction between sediment
transport, morphology development, and flowing water. Therefore, a model was set up for
the river reach upstream of the hydropower plant. In this model, the influence of both the
reservoir management method (flushing) and human intervention (groynes) in this reach are
investigated.

The objective of this study is divided into two major parts.

The first part is aimed at understanding and investigating several physical theories of
sediment transport on predicting morphology change in a meandering reach. This
examination aimed to answer the following questions:

e Is the secondary flow model available in Delft3D capable of predicting secondary
circulation in a meandering river?

e s it possible to predict bed load transport or entrainment using a constant grain size
distribution over the entire reach?

Regarding managing sediment transport:

= What is the sediment load entering this reach per year, and how much of it will
remain in the reach and how much will be transported toward the reservoir?

= What is the influence of flushing operations on this river reach? Does the timing
of opening the gate have an influence on the river morphology?



The second part of this study is aimed at answering the following questions regarding
human intervention (i.e., groynes construction) in this river reach and understanding the
sediment dynamic in both emerged and submerged groynes.

o What impact does constructing groynes produce on river morphology and on
sediment transport toward the reservoir?

o What is the influence of groynes submergence on sediment supply to the groynes
zone?

o What is the influence of cohesive versus non-cohesive sediment distribution in the
groyne zone?

Some parts of this study will be added to the worldwide research for this field.

To the best of the author’s knowledge, this is the first study to apply Delft3D to
investigate sediment dynamics with multiple grain sizes (cohesive and non-cohesive) in the
groyne zone of a river reach. Previously, two other studies applied Delft3D, but one of them
investigated sediment dynamics in a coastal area (Stive, 2010). In Stive’s (2010) thesis, the
model were able to produce the sediment exchange in the groyne zone by applying thin dams.
In addition, Yossef’s (2005) thesis used Delft3D to predict sediment transport in the emerged
groyne zone of a river reach, but in that case the model was not capable of predicting
morphology changes in the groynes zone accurately due to only having only one non-
cohesive fraction in the model. Yossef (2005) concluded this result go back to
underestimation of sediment transport formula of non-cohesive sediment, in addition to
underestimation of turbulence in the mixing layer. Furthermore, in Yossef’s (2005) model,
the groynes were defined in the bathymetry.




1.4 Research Outline:




2. Literature Review- Theoretical background:

2.1. River Morphology

Change in river form has correlation with many inter-related elements such as channel
geometry, bed forms, forcing flow distribution, sediment characteristics, bed composition,
bank material, and vegetation. Because of the complexity of the interactions between these
elements, until now no complete physical and mathematical equation for determining
morphological change is available. Therefore, researchers have relied on either empirical
studies (e.g., field studies, laboratory experiments) or theoretical studies based on Navier
Stokes equations with varying degrees of simplification (Przedwojski, 1995). Generally, a
river planform can be categorized as either straight, meandering, or braided. Meandering
rivers are also divided into various types depending on channel pattern and channel bars
(Przedwojski, 1995). One of the main physical process distinctions between straight and
meandering rivers is the formation of helical flows in a meandering river. The lateral
component of a helical flow is known as “secondary current”, as shown in Figure (2.1),
which has a huge influence on flow patterns and morphology changes. Such a phenomenon
occurs as a result of a combination of degree of curvature and Coriolis acceleration (Hey and
Throne, 1975; Kalkwijk and Booij, 1986). Because of its three-dimensional complexity and
small values compared to main flow velocity, sometimes secondary circulation cannot be
predicted easily by a 2D depth-averaged model. In 1986, Kalkwijk and Booij developed a
model to account for the secondary flow in the momentum equation by taking in to account
the curvature and Coriolis effect. In this model, additional terms (shear stress) were added to
the momentum equation; however, the model had restrictions on the width and curvature of
the channel. Song et al. (2011) solved the depth-averaged velocity with dispersion stresses
by the SU/PG (Steam line Upwind/Petrov-Galerkin) scheme of the FEM. The dispersion
term included deformation of the vertical profile of the stream-wise velocity, the roughness
coefficient, and the curvature ratio. On the other hand, in the case of applying a 3D model,
secondary flow can be estimated accurately without applying any empirical formula (e.g.,
Rither, 2006), but it is time-consuming. Numerous studies have shown the reliability of 3D
models in predicting secondary flow as compared to 2D models (e.g., Lane et al., 1999; Kasvi
et. al., 2015).

Figure (2.1) Secondary flow pattern in a meandering channel (from Song et. al., 2011) 4



2.2. Sediment

Sediment transport commences when the mobilizing forces acting on the particles are greater
than the resisting forces holding the sediment. This resistance varies depending on bed
particle size. When the bed consists of coarse particles like sand and gravel, the resistance
force depends on particle weight, friction force and degree of exposure. However, in the case
of the presence of cohesive sediment like clay and silt, the cohesive force will also be
included (Van Rijn, 2013). In 1936, in a classic study, Shields examined the initiation of
particle movement. His experimental curve (Figure 2.2) showed that particle movement
depends mainly on the particles, Reynolds number and the non-dimensional bed shear stress
(known as the Shields parameter). The curve defines the critical Shields parameter. When
the Shields parameter is greater than the critical Shields parameter, the particles start moving.
The Shields parameter depends on shear velocity, relative density, median particle diameter
and gravity. Van Rijn (2016) defined the Shields particle movement as “conditions with
frequent particle movement at all locations”. Because of the complexity of sediment
transport, scientists divide the sediment movement into three categories: bed load, suspended
load and wash load.
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Figure (2.2) Shields curve for initiating particle movement (From Van Rijn, 2016)

D,: Dimensionless particle size

Ds,: Median particle diameter

@: Shield mobility number  6.,.: Critical Shields mobility number
7. Bed shear stress 7, .,: Critical bed shear stress

ps: Sediment density; p : Fluid density; s: Relative density

Re™: Reynolds number

u*: Shear velocity, : Kinematic viscosity; g: gravity;



2.2.1 Bed Load Transport

Bed load is defined as the sediment that is transported immediately above the bed. This
movement occurs in numerous forms such as sliding, rolling, or saltation. When the bed
shear stress is small, the movement form is sliding and rolling; however, in the case of larger
bed shear stress compared with the critical value of initiation of motion, the particles start to
jump short distances on the bed, which is known as saltation (Dey, 2014).

Many theories are available to describe bed load transport. Einstein (1950) stated that the
layer thickness of sliding and rolling is equal to two times the particle size, whereas the
saltation (jump) mode thickness is more than two diameter thickness from the bed. In
addition, Bagnold (1956) illustrated that bed movement results from both gravity and bed
shear stress (as cited in Dey, 2014).

Based on various concepts like bed shear stress, discharge, velocity, stream power, bed form,
probabilistic, deterministic, and equal mobility, many approaches have been developed to
estimate bed load transport (Dey, 2014).

2.2.2. Suspended Load Transport

Suspended load is defined as the sediment that is transported in suspension between the water
surface and above the bed layer under the mechanisms of advection and diffusion. Sediment
becomes suspended when the bed shear velocity is greater than the settling velocity. Then,
both turbulence (diffusion) and flow velocity (advection) have an influence on the sediment
transport (VVan Rijn, 1984b). Wash load is a particular type of suspended load in which
sediment particles are sufficiently fine that they do not settle to the bed.

Suspended sediment has been analysed based on multiple theories like energy, diffusion, and
stochastic concepts. For example, Van Rijn’s (1984b) formula depends on the diffusion
concept in determining the suspended load transport.

2.2.3. Non-Cohesive Sediment Transport Formula
Van Rijn Formula:

Van Rijn’s sediment transport concept is based on the equations of motion. Van Rijn (1984a)
determined the bedload transport rate as a function of particle velocity, saltation height, and
bed load concentration. Based on bedload measurements in many flume experiments, the
sediment concentration of solitary particles in the 200-2000um range was determined as a
function of excess non-dimensional bed shear stress and dimensionless particle size. In this
study, the interaction between sediment particles was not taken into account (Van Rijn,
1983). Subsequently, suspended load transport rate was determined as a function of
reference concentration, flow velocity and diffusion, as shown in Diagram (2.1) (Van Rijn,
1984b).

In 1993, Van Rijn conducted an experiment to estimate the sediment transport rate for
particle sizes 100um and 200um under the effects of both current and waves. This study
showed the influence of bed roughness height, waves, and current strength on concentration
and sediment transport rate prediction. The accuracy of the measured and computed
sediment transport rates was higher for particle size 100um than for 200pum. In addition, the
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concentration prediction accuracy was higher near the bed than at the surface when higher
waves were imposed. Here, only the equation for sediment transport rate due to current will

be shown in more detail (\Van Rijn, 1993)
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2.2.4. Cohesive Sediment Transport Formula

The transport of cohesive sediment is controlled by critical shear stress of erosion (critical
bed shear stress). Due to the absence of field measurements in the study area, a literature
review of this parameter is essential.

Research by Van Rijn in 2016 showed the critical bed shear stress for fine particles excluding
cohesion, as shown in Figure 2.3. According to this curve, the critical bed shear stress for
particles smaller than 10um is estimated to be less than 0.05N/m?2.
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Figure (2.3) Critical bed shear stress excluding cohesion estimation, by Van Rijn (2016)

However, in cases including cohesion as well as mud-sand interaction, other research studies
are available. According to Winterwerp et al. (2012), the bed can be divided into three
categories. First, there is the Fulful thin surface layer, which is produced mostly in the
presence of tide. The second is the permeable layer, and the third is the relatively
impermeable consolidated layer comprising the mobilized multiple bed layer. In the second

and the third layers, the erosion is defined as surface erosion and mass erosion respectively
(Van Rijn, 2016).




Table (2.1) Critical bed-shear stress for erosion; pure mud beds (dso < 32 pm), from Van Rijn

(2016)
Mud beds Test Dry bulk Critical bed Critical bed
Method density shear stress of | shear stress of
(kg/m?3) surface mass
erosion(N/m?) | erosion(N/m?)
Kaolinite (distilled water) | Lab flume & 1000-2000 0.05-0.2 -
(Van Rijn, 1993)
Dutch lake muds (fresh Lab flume | 100-200 0.1-0.5 0.6-0.7
water) (Van Rijn, 1993)
River mud (submerged) | Lab flume >1000 0.05-0.3 0.3-1.5
(Mostafa, 2008)
China muds (Dou, 2000) | Lab flume | 200-400 0.05-0.2 -
Hong Kong mud Lab flume <400 0.1-0.15 -
(Mitchener-Torfs, 1996)

According to Van Rijn (2016), the critical bed shear stress of pure mud beds is generally less
than 1N/m? (Table 2.1). However, when sand and mud coexist, bed critical shear stress
increases depending on the percentage of both (Table 2.2). When 50% sand is added to a
mud bed or 30% mud is added to a sandy bed, the critical shear stress of erosion increases by
factors of 2 and 10 respectively (Van Rijn, 2016).

Table (2.2) Critical bed-shear stress of mud-sand mixtures (laboratory and field), from Van

Rijn (2016)

Type of bed Percentage Wet and dry Critical bed shear stress (N/m?)
sand (150- bulk density Natural bed | Artificial beds
250um) (kg/m3) of UK site (homogenously

(intertidal mixed)
and subtidal)
Pure mud 0% 1200-1300 0.05-0.25 0.1-0.15 (HK-mud)
(350-450)

Light sandy 20% 1300-1400 0.15-0.25 0.15-0.2 (HK-mud)

mud (450-650)

Sandy mud 40% 1400-1600 0.2-1 0.2-0.4 (HK-mud)

(650-950)

Muddy sand | 60% 1600-1700 0.4-1.5 0.4-0.8 (K,M,S-muds)

Muddy sand | 80% 1700-1800 0.6-1.8 1-3 (K,M,S-muds)

Light muddy | 90% 1800-1900 0.5-1.5 (K,M,S-muds)

sand

Pure sand 100% 1900-2000 0.15-0.2 0.15-0.2 (K, M,S-

muds)

HK=Hong Kong, S=Kaolinite, M=Montmorillonite




On the other hand, in 2005, Le Heir conducted a study on core samples from Mont St-Michel
Bay in France. The samples consisted of sand particles less than 148um, kaolinite, and illite
clay-mineral with very small percentages of organic material. As can be seen from Table 2.3,
for these consolidated bed materials, the critical shear stress for erosion increased with the
percentage of fine particles. When the mud percentage was larger than 90%, the surface
erosion was predicted to be 2+3.05N/m? (Van Rijn, 2016).

Table (2.3) Critical bed shear stress of surface erosion of consolidated mud-sand mixture in
laboratory flume (Van Rijn, 2016)

Percentage mud<63um (%) | Critical bed shear stress of surface erosion (N/m?)
20 0.25+£20%

30 0.4+20%

40 0.6+£20%

60 1.1+25%

70 1.5+25%

90 2.0+£305%

All of the studies described in this section were conducted on surface or subsurface bed
mixtures. In other words, the critical shear of erosion was not determined for individual
particle sizes, as required in the Delft3D numerical model. Therefore, in this study the Van
Rijn curve in Figure 2.3 will be applied.
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2.3. Sediment Management in a Reservoir

Sediment Management in a Reservoir
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Deposiotion Control sediment -desilting Silting

| | /—‘—\ I |
Conservation | Reduction | Reduction of || Mechanical Hydraulic Reorganisat | Raising New
measures in of sediment Removal Removal -ion of the dam | Rese
the sediment deposition operation -
catchment inflow rate rvoir
-Non - -Sediment | -Sediment -Dredging -Flushing -Adding new
structural trapplng Sluicing “Excavation | -Sediment sluicing facilities
measures reservoirs Turbidit Syphonin- Chanaing of
(Vegetative ) - lurbidity -~hanging o
practice) -River Currents g operation

regulation | venting management

-Slotted

-Structural works Pipe
measures 5| Sediment
(division ) g%e . Sluicer
canal for an ; atr_1
agriculture protectio-
g ) n works

Bypassing

structures

-Off

stream

Reservoirs

Chart (2.2) Sediment management in a reservoir, from Batuca and Jordan, (2000)

Many techniques are available in the literature to manage sediment in reservoirs. Most of
them are shown in Chart (2.2). In this study, the influence of slope and bank protection

works, flushing, and changing of operation management will be studied.
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In this review only a brief description will be given about flushing, changing of operation
management, and slope and bank protection, since this study was conducted only on the river
reach at the upstream end of a reservoir.

Sediment flushing can be divided into three types.
1. Sediment routing during floods (flood flushing)

In this method, the reservoir water level remains low during most seasons. Then, during
flooding, most of the sediment will be removed through the large bottom gate. In most cases,
80-90 percent of the deposited sediment will be removed from the reservoir. In addition,
sediment will not build up in the downstream end of the reservoir. However, implementing
such a technique is rare or difficult, especially in rainy seasons (Fan and Morris, 1992).

2. Drawdown flushing

In this technique, the water level will be lowered prior to flooding. The turbulent flood flow
may flush out some of the deposited (consolidated) sediment, depending on flood capacity
and the water level in the reservoir. The period of reservoir lowering prior to flooding varies
because it is controlled by many factors; for example, the volume of the reservoir that needs
to be regained, the estimated capacity of the flood, which type of sediment is deposited in the
reservoir, and other factors (Fan and Morris, 1992).

3. Emptying and flushing

Unlike the previous schemes, in this method the reservoir must be emptied prior to flooding.
This may regain the entire capacity of the reservoir. However, this method may only be
applied in small reservoirs because the application of this method means losing all the stored
water, which is not practical in a large reservoir. This means it also cannot be implemented
in regions with low precipitation (Fan and Morris, 1992).
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According to Przedwojski et al. (1995), groynes design is a function of multiple factors, such
as flow pattern (flood depth, suspended and bed load amount), channel parameters (channel
size, slope, velocity, bed material), and miscellaneous factors (debris, ice).

The designing of groynes is classified based on:

e Method and material of construction (permeable, impermeable)
e Condition (submerged, non-submerged)

e Their action on stream flow (attracting, deflecting, or repelling)
e Their appearance (Straight, T-head, and L-head.)

e Method and material of construction (permeable, impermeable):

Permeable groynes, which in most cases are made from timber, piles, or bamboo, are
characterized by the fact that they transmit some flow through the groynes. On the other
hand, impermeable groynes are made of rock, gravel, or gabions, which deflect all of the
flow. Permeable groynes are mostly applied in alluvial rivers with a considerable bed load
and high sediment concentration, which leads to rapid deposition around the groynes. In
comparison, impermeable groynes are implemented when bank protection is desirable, since
they push the flow away from the bank. In addition, impermeable groynes are applied in
order to obtain navigation depth in a channel because of the scour that is produced at the head
of the groynes.

e Condition (submerged, non-submerged):

Groynes can be either fully emergent from the flow, or submerged such that flow is conveyed
both over and around the groynes. Traditionally, submerged groynes are made permeable,
because submerged-impermeable groynes can cause erosion near the bank. However, recent
research has demonstrated that submerged impermeable groynes can be designed carefully to
minimize bank erosion (Jamieson et al., 2013). Non-submerged groynes may be permeable
or impermeable depending on the purpose of the design.

e Action on stream flow (attracting, deflecting, or repelling):

Attracting groynes point downstream and attract flow. For this reason, attracting groynes are
not applied on a concave bank. Deflecting groynes only change the direction of the flow
without repelling it. Repelling groynes are pointed upstream, and direct flow away from the
bank (Figure 2.4).
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Figure (2.4) Design of groyne based on action on stream flow (from Kashyap, 2010)

e Appearance (Straight, T-head, L-head):

In most applications of straight groynes, some protection will be applied at the head of each
groyne to reduce the scour at the head zone. T-head and L-head groynes are set at right
angles to the bank (Figure 2.5). In most applications of L-head groynes, the rate of
sedimentation is higher at the bank and the scour rate at the head is lower compared to other
types. This means that this type is more practical for bank protection, especially if the length
of the wings is close to 45-65 percent of the gap between the groynes.

— 5 Flow
[ | ]

Straight T-head L-Head
Round head

Figure (2.5) Designs of groyne heads

2.4.1 Groynes Dimensional Design

Groyne spacing:

Although spacing between the groynes is a function of river width, groyne length, velocity of
flow, bank curvature, angle (a), and purpose, in most designs more weight will be given to
the relationship between the spacing and length of the groynes (Figure 2.6). Depending on
United Nation guides in 1953, the spacing between permeable groynes is larger compared to
the spacing between impermeable groynes (Przedwojski, 1995). The US Department of
Agriculture has specified a spacing algorithm for submerged groynes in a channel bend
(USDA 2005). In addition, Moselmann (2000) developed an equation for determining
spacing as a function of groyne head type, groyne orientation, and purpose of groyne
application, as follows.

S=2.5 k1 ko k3 Bmc (2.7)
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k1= correction factor for the groyne head type: ki js equal to one for ordinary groynes, and is
greater than one for T-head groynes.

ko= correction factor for the alignment of a groyne system: for straight alignment it is equal
to one, for convex alignment it is greater than one, and for a concave bank it is less than one.

ks= correction factor for the function of groynes: for bank protection it is equal to one, and
for navigation it is equal to 0.5.

—s

QIEIBIO). 2D 1)k

11

’lrr-‘r w -4

m
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SMALL DETAMCES LARGE DISTANCES

/./}1 ’ ’ . -
< TN

Figure (2.6) Appearance of groynes (from Przedwojski, 1995)

Groyne length:

Groyne length is divided into two parts; the anchor length is embedded in the bank, while the
working length protrudes into the flow (Figure 2.7). As mentioned by Yossef (2005), in most
cases the anchoring length is about a quarter of the free surface width in order to prevent flow

redirection to the opposite bank. In addition, groyne length may also be restricted for
economic considerations.
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Author Recommended spacing  Type of Remarks

matio bank
SfL 5/8
United Nations (1953) 1 Concave General practice
2+25 Convex General practice
Ahmad (1951) 4.29 Straight
=5 Curves
Joglekar (1971) 2~25 Upstream groynes
US Army (1984a) 2 Mississippi River
Mathes (1956) 1.5
Strom (1962) 3+5
Acheson (1968) i=4 Varies depending on curvature and
stream slope
Altunin (1962) 4 Straight o > 75°
3 For 0005 < T < 0.01
2 For I 2 0.01
Richardson et al. (1975) 2=+6 For bank protection
34 T-head groynes for navigation
channels
1L.5+2 Deep channel for navigation
Mamak [1956) 2+3 1
Macura (1966) 0n.s Concave
5/4 Convex
341 Straight
Jansen et al. (1979) 1+2 In constricted rivers
05+1
Blench et al. (1976) 35
Copeland (1983) =3 Concave
Akantisz et al. 091 For ¢ = 45° = 50° RfB =8+ 13.5
(1983, 1986, 1989) 1.1 For ¢ = 55° RfB=8
1.1+09 For ¢ = 55° R/B =135
Kovacs et al. {1983) 1+2 Danube River
Mohan and Agraval (1979) 5 Submerged groynes of beight
one-third the depth
Maza Alvarez (1989) 5.1<+63 Straight sloping-crested groynes for hank
25=4 Curves profection

Figure (2.7) Groyne spacing ratios (from Przedwojski, 1995)

Regarding slope and crest height, in the case of presence of ice it has been recommended to
make the crest of the groyne near the bank higher in order to prevent ice coverage. In
addition, sloping of groynes is recommended when the main concern is solving navigation
(Przedwojski, 1995).
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3. Model Description (Delft3D)

In this study, Delft3D, 4.00.02 (Open Source Hydro-Morphodynamic, Online) was applied in
the hydrodynamic simulation, and Delft3D 4.01.01.rc.03 was applied for the morphodynamic
simulation. The following descriptions have been taken from the Delft3D Flow Manual.

3.1. Grid

Horizontally, two types of grid are available: rectangular grid and curvilinear grid. In the
case of a complex boundary, it is advised to apply a curvilinear grid because of its capability
to make a fitted boundary. This type of grid is known as a structured grid. Recently an
unstructured grid (Flexible mesh) has also been developed. Vertically, two different grid
systems are available, which are the 6 co-ordinate system and the Cartesian Z co-ordinate
system. Note that if a single vertical layer is used, then a 2D depth-averaged computation is
performed.

6 co-ordinate system- 6 grid:
Philips (1957) originally developed this grid type. The number of layers is constant along the

model domain, but the layer thicknesses are non-uniform, as shown in Figure (3.1-a). This
characteristic is important when variable vertical resolution is desired. For example, in
sediment transport modelling, it can give higher resolution near the bed layer (Stelling and
van Kester, 1994). The o coordinates are defined as:

z-¢{ z—¢

a=d+(= i (3.1)

where z is the vertical coordinate in physical space, { is the free surface elevation above the
reference plane (at z = 0), and d is the depth below a horizontal plane of reference (datum). H
is the total water depth (H = d + ; d positive downward).

Z co-ordinate system:

In the case of a stratified flow and steep slope, this grid is recommended because it can give
high resolution at the pycnocline. The difference between this coordinate system grid with
the previous grid is that the boundary of this grid has a staircase (zigzag) shape. This
property allows the grid to have a variable number of cells in the vertical direction, which is
especially appropriate for coastal area estuaries.

a b
- ¢ =4 -—— 2-{
S
‘_—h_‘_‘-ﬂ_‘___
T
‘\‘\'—‘—\——\__
e |F =10 - I

Figure (3.1) a-6 grid, b-Z grid (from Delft3D Flow-Manual)
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In this description, only those equations that have an influence on model validation will be
described. More details about other equations can be found in the Delft3D-Flow manual.

Velocity in the stream-wise (U) and transverse (V) directions are determined from
momentum equations (3.2 and 3.3) respectively, whereas vertical velocity (W) is calculated
from continuity equation (3.4). This means that vertical acceleration is neglected in
determining vertical velocity, and instead the hydrostatic pressure equation is implemented.
This assumption is necessarily applied in the 6 grid which has been used in this study.
Delft3D in this formulation is thus considered a shallow water model.

= Horizontal Momentum Equation:

du

au au U wadU (
h?2do\ "’ dc

1
Hag TV = o Pet Fat Pt Mot 4

E+Ua+vay h oo ) (3.2)

6V+U6V+V6V+an U=- 1P +F,+Fg+ M, + > ! 6( av) 3.3
at ox dy hao / Po sy hZ2do\ " do (3-3)

= Continuity Equation:
dp adpU 4 U opw
P+ p + p p
at odx 6y dz

= H(qin - qout) (3-4')

where fv is the Coriolis coefficient, Py, y is the pressure, Fsxsy Is the effect of secondary flow
on depth-averaged velocity. Fx and Fy represent the Reynolds stresses modeled by the eddy
viscosity concept. The eddy viscosity varies depending on the grid size and horizontal and
vertical turbulence in 2D and 3D simulations. Specifically, the turbulent forces that cannot be
predicted by the Reynolds averaged shallow water equations are parameterized by horizontal
eddy viscosity.

Uy = Vggs + Vy + VbaCk (3 5)

where vy is the horizontal eddy viscosity, vggs is the sub-grid scale horizontal eddy viscosity,

vhak s the background horizontal eddy viscosity, and vy is used to represent three-
dimensional turbulence.

In 2D depth-averaged momentum and transport computations, the redistribution of
momentum is included as dispersion. This dispersion can be calculated from the Elder
formula, which represents the relationship between gradient velocity and the vgcs horizontal
eddy viscosity coefficient. This formula can be applied only if the Horizontal Large Eddy
Simulation (HLES) is evoked by the user. This value will represent the 2D turbulence and
dispersion coefficient in the case that the HLES is not included, and it will represent the 3D
turbulence and dispersion coefficient when the HLES is enclosed in the simulation. vy, will
only be computed in the 3D simulation which represents three-dimensional turbulence.
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This method was developed by Uittenbogaard (1998) and Uittenbogaard and Van Vossen
(2003), and was summarised by Van Vossen (2000). More can be found about this method in
the Delft3-Flow manual.

Finally, vy is computed only in the 3D simulation to represent three-dimensional turbulence.

Vy = Vo + max(vsp + vh*ek) (3.6)

where v, is determined from a 3D turbulence closure model such as: constant coefficient,
Algebraic Eddy viscosity closure Model (AEM), k-L turbulence closure model, or k-¢
turbulence closure model. The parameter v5%°* is the background vertical eddy viscosity,
which is required because the turbulent closure model accounts only for mixing due to shear.
The background eddy viscosity will account for other mixing in the model. Finally,v,,,,;, is
the kinematic viscosity of water.

Secondary Flow:

It is crucial to take into account in the equations the transfer of momentum due to secondary
flow, especially in meandering rivers. In a 2D simulation, to account for secondary flow
correction, Fsx and Fsy must be added to the momentum equations. This will correct the spiral
motion. However, in a 3D simulation, the secondary flow will be resolved in the vertical
grid.

Fsx and Fsy represent the horizontal effective shear stresses that are produced by secondary
flow. This is added to the momentum equation:

_ 2B B
F, = a{(U2 -V -9oUWV)}+ 5{a(U2 —-V? + 2UV)} (3.7)
F, = £{a(U2 -V +2U%-VH}+ ﬁ{a(UV) + (2UV)} (3.8)
Y ox ady '
where:
B= BT, B= o (Sa-15.6 44375 o),
_E 1
a= KCZD < E

Rs~ is the effective radius of curvature in 2D obtained from spiral motion intensity. « :Von
Karman constant (0.41). Bc is specified by the user in a 2D model only which is in the range
[0-1]. When Bc is equal to zero, it means that the secondary flow correction is excluded.
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Spiral motion intensity (1) changes with time and space, and is determined from the advection
diffusion equation. In this equation, it has been accounted for both centrifugal force and
calories force.

ad+OI (a(d+UI a(d+ VI
ac | ax T ay

= (d+(){ ;—X[DHg—i] +:_y[D"g_;]}+ d+s (3.9

Dy : Horizontal diffusion coefficient, Ry, = _(dJ’?'U'

3D turbulence closure model:

There are three main turbulence models to determine vertical eddy viscosity and diffusivity.
The main dissimilarities between the following turbulence closure models are in estimating
the turbulent kinetic energy (k), the dissipation rate of turbulent Kinetic energy (¢), and the
mixing length (L):

= Constant coefficient

= Algebraic Eddy viscosity closure Model (AEM)

= Kk-L turbulence closure model

= Kk-¢ turbulence closure model

The first method is a constant value for horizontal eddy viscosity, which produces a parabolic
vertical velocity profile. The other methods are based on eddy viscosity concept that depend
on length and velocity scale are developed by of Kolmogorov (1942) and Prandtl (1945).

v3p = ¢l LVk (3.10)

where ¢, is a constant that is calculated from calibration and (c,) in the k- model: ¢,,= 6#1/4
c,= 0:09. L is the mixing length, and k is the turbulent kinetic energy.

The AEM model is a zero-order closure scheme (i.e., it excludes the transport equation for
turbulent kinetic energy). Instead, k and L depend on algebraic equations; k is determined
from the gradient velocity and L from Bakhmetev’s (1932) formula (3.11). In the case of a
stratified flow, this formula will be corrected by adding a damping function (FL (Ri))
(Simonin et al., 1989).

L=xk(z+d) /1—Z;d (3.11)

Similar to AEM, the k-L model implements the same formula in determining L. However, k
is determined from a transport equation (first-order turbulence closure scheme).
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Unlike the previous models, in the k- model, L will be determined from both k and ¢, which
are obtained from transport equations (second-order turbulence closure model). Therefore, it
is not essential to apply any damping effect in the case of a stratified flow.

3.3. Morphodynamic
3.3.1. Suspended Load Transport

For estimating suspended sediment transport, the advection-diffusion equation is
implemented:

dC oJuC JvC N 0(w— w)C

at T ax oy 3z
—a(D 6C>+6(D 6C)+6(D aC)+,1 C+S 3.12
“ax\""oax) Tay\"Hay) 0z\"V oz a (3.12)

Depth average suspended load transport:

ac oaC ovC 0 aC 0 aC _
+—+—=—(D tay\Dugy ) HACHS

at | ox dy ax\ Hox dy
6eq_6 ~ _§sus,eq
T
Ssuseq = |fﬁCeqdz| -------- from transport formula of non-cohesive

Where C is the depth-averaged sediment concentration, C,,is the depth-averaged equilibrium

sediment concentration, and §Su5,eq: is the depth-integrated suspended sediment transport
vector under equilibrium (steady and uniform) conditions. DH and Dy are the horizontal and
vertical diffusion coefficient respectively. S is the source sink term, and 4, is the decay rate.
Ts: An adaptation time-scale.

gap
D;p-max (D3D, 0.212, /— e )

D;p: Computed by 3D turbulence closure model, D2%*: user input

Loz: include turbulence due to wave break in stratified flow

Omol

v
( p, =224 max(D3p, DY)

DH = DSGS + DV + D?Iac‘k

Account for turbulence due to )
motion, mixing and dispersion. part. (user input)

diffusion eauation.

Include all other turbulence that has not been captured by other

Solved by HLES In 2D, vertical variation of horizontal flow is not captured.
However, in 3D it will be computed by the 3D advection-
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Settling velocity (wy):

For determining settling velocity, the interaction between the particles is taken into account.
According to Richardson and Zaki (1954), the hindered settling velocity can be determined
depending on grain concentration and non-hindered settling velocity.

ctot 5
W, = (1 - '".) W0 (3.13)

where Cg,;; is the reference sediment density, C£°tis the summation of all fraction
concentration, and wy g is the settling velocity of each particle, which is computed differently
for cohesive and non-cohesive sediment.

Cohesive:
W5 max ( A ) ws,f ( A )
Wso = 2 ( €08 Smax )+ 2 (1 + cos Smax ) max (3.14)
Wsmax S > Smax
Non —cohesive:
((s —1)gD?
¥ ITs <
180 65um < D, <1000um
={10v 0.01(s—1)gD3
Ws0 = 2 J1 42 0u _ )95 _ 1) 100um <D, < 1000pm (315
DS v
\ 1.1/(s—1)gDg 100um < D

where w; mqy: Settling velocity of sediment fraction at maximum salinity concentration.
wg . Fresh water settling velocity of fraction. S: Salinity. S,,,,: Maximum salinity

Sediment Dispersion:

The vertical diffusion term (&) in the advection-diffusion equation, which represents vertical
mixing of sediment, is calculated differently for cohesive and non-cohesive sediment. For
cohesive sediment, &, is assigned directly from the calculated vertical fluid mixing coefficient
(i.e., eddy viscosity at each layer) obtained from the turbulence model, whereas for non-
cohesive sediment like sand, the mixing coefficient will be multiplied by the Van Rijn beta
factor to account for the distinction between sediment and fluid diffusion.

& = & Cohesive

& = Pesrer Non-Cohesive
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The parameter B¢y varies depending on which turbulence model is applied:

Berr =1+ (B —-1)
Beff =p Other turbulence model

B = 1+2<“’5)2,

U

Tc

k-¢ turbulence model

TotTc

u, .. Local shear velocity due to current

3.3.2. Non Cohesive Sediment transport

In this study, only the Van Rijn formulae (1984 &1993) are implemented. Bed load and
suspended sediment are calculated separately below and above the Van Rijn reference level
respectively.

Van Rijn 1993:

Bed load transport rate: Sp = f55pn0.5p, dsou. D7 3T,
Bed load direction Spy = 2|5, | Spp = 2218, |
’ Up ’ Up

Van Rijn 1984:

0.053,/AgD3,D;03T21 T <3.0 -
Bed load Sp = { 9750 for T = HfbcTher

0.1,/AgD3,D03T15 forT =3.0 Ther
Suspended load Ssus = PesqhCq
Ta: Non-dimensional bed shear stress.

Van Rijn1984 Van Rijn1993

Crlt'CaI bEd Ther = prgDSOHCT(l"'Pm)A‘?’ Ther = (ps - pw)gDsoecr(l + Pm)3
shear stress Ocr = 6, = % forD, <4
Reference level User defined . <0.2h,max (AKSFAC_ ks,%, o.om))
Reference d50 T1> dSO(T;)l.S
concentration Ca = 0.015 aD #03 C, = 0.015p£W

3.3.3 Erosion and Deposition
Non-Cohesive:

To determine the rate of erosion and deposition, the sediment transport computation is
divided into multiple layers. The first layer above the bed is the Van Rijn layer with height
(a). Above this layer is the reference layer, which is known as the kmx layer. All the
computation of non-cohesive suspended sediment transport will takes place in the kmx layer.
Depending on the settling velocity, sediment may deposit from the water column to the kmx
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layer. Sediment may also be eroded from the bed layer depending on upward diffusion.
Based on the sediment concentration in both the Van Rijn and kmx layers and the diffusion,
the erosion flux is computed as shown in Figure (3.2). Deposition is calculated at bottom of
the kmx layer according to settling velocity (ws) and concentration (Ckmx (bot)).

Approximation to concentration
gradient at bottom of kmx layer

Approximation to
concentration at
bottom ofkmx layer

.. Rouse profile

D = wpC,S(Tp,7q) D = a1 Cymyxws

E = @ S(tp,Te)

Ther = (ps - pw)gdsoecr(l + Pm)3

Figure (3.2) Mechanism of sediment transport calculation excluding fluid mud layer (modified from
Delft3d manual, 2014)

where a,: Correction factor for sediment concentration, a;: correction factor to represent
concentration at bottom of the kmx layer, and &,: sediment diffusion coefficient computed at
bottom of kmx layer. C,: Reference concentration of sediment fraction. Cy,,,: Average
concentration of the kmx cell of sediment fraction, and A,: Difference in elevation between
the centre of the kmx cell and Van Rijn's reference level.

Cohesive Sediment:

For determining and deposition and erosion flux between the bed and the water column when
only cohesive sediment is available in the bed, Partheniades-Krone formulations
(Partheniades, 1965) are implemented:

Tp
L 1) hent, >
E = MS(t,,1T,) = M{(re WhEn Ty = Te (3.16)

0 whent, <7,
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Th
1- —) whent, < 14

D= WstS(Tb,Td) = Wst {( Ta (3 17)
0

whent, = 14

where t,is the bed shear stress, 7, is the critical shear stress of erosion, M is the user defined
erosion parameter, w, is the hindered settling velocity, and C, is the average sediment
concentration near the bottom layer.

There is still a debate on whether the deposition flux of fine particles is controlled by the
critical shear stress of deposition, as stated by Partheniades-Krone, or whether it is dominated
only by concentration and settling velocity, as stated by Winterwerp (2007). In this study, the
Partheniades-Krone concept is followed.

For both cohesive and non-cohesive sediment, the source and sink terms will be calculated by
the erosion and deposition terms, and will be added to the layer above the reference height.

It is crucial to mention that if the bed contains a percentage of mud, depending on its
percentage, two regimes are specified. According to Van Ledden (2003), the when mud
percentage (pm) is less than the critical mud percentage (Pmcr=30%), the fine particles will
erode proportionally with non-cohesive particles. However when the mud percentage is
greater than the Pmcr, the sand grains will erode proportionally with cohesive sediment. In
Delft3D, all Van Rijn version formulae are updated by applying the term {(1+pm)? ,(B=3)}
to the critical bed shear stress, as shown in Figure (2.1). Adding this term increases critical
bed shear stress; in other words, it slows down the sand movement as was observed in Van
Rijn (1993) experiment. This also means that the interaction of mud and sand particles is
included in determining sand transport.

When pm<Pmcr, mud will be eroded proportionally with sand:

Es_avg = Es_avg + frac(I)*E(l)/ (1-mudfrac)
E (I) =Es_avg

When pm>Pmcr, sand will be eroded proportionally with mud fraction:

E(l) = E(D*(Es_avg/E(1))**((1.0_fp-mudfrac)/(1.0_fp-pmcrit))
Em_avg = [Em_avg + frac (I)*E (I)]/mud frac
E () =Em_avg

where Es avg and Em_avg is the average erosion velocity for sand fractions and mud
fraction respectively. E (1) is the sediment erosion velocity for every fraction, and frac (l) is
the sediment mass fraction for every defined fraction.

3.3.4 Slope

Bed slope is divided into two main categories. First, there is the longitudinal bed slope,
which influences the bed load transport rate. This is taken into account in the equation by
(ag). Then, there is the transverse slope change toward downslope. The following influence
taken into account differently according to the slope formula that applied as shown in Chart
(3.2).
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3.3.5 Bathymetry updating

During morphodynamic calculations, the following equation is used to update the bed
elevation based on bed load erosion and deposition calculated at each model grid point. Note
that the change in bed elevation due to suspended sediment is also considered in the
bathymetry update.

A(m.n) __ Atfwmorrac | © buu

SED ~—  pg(mn)

(m-1,n) p - .(m—-1,n) _ c(Mn) o . (mn)
S A S A +
( Y buu Y ) (3.18)

sg;';g—1> Axmn-1) _ ngl) Axmn

Where A_(g'gb"): change in quantity of bottom sediment at location (m; n), fuorrac= USer-
defined morphological acceleration factor, MORFAC. A(™™ = area of computational cell at

location m, n. SZETZ’;): computed bedload sediment transport vector in u direction, held at the

u point of the computational cell at location (m; n), Ax(™™ = cell width in the x direction,
held at the V point of cell (m; n), and Ay ™™= cell width in the y direction, held at the u
point of cell (m; n).

Hydraulic structures like gates, barriers, sluices, groynes, weirs, bridge piers, and porous
plates represent obstacles to the flow. As a result, there will be a loss in energy or change in
flow direction. In Delft3D, in order to model the force produced as the result of the presence
of a hydraulic structure, the flow in the computational layer is blocked and a quadratic energy
or linear loss term is added to the momentum equation.

In Delft3D, groynes can be represented in a 2D model by a 2D weir, which is a fixed non-
movable construction generating energy loss due to constriction of the flow. The HKRU is
taken into account in drying and flooding algorithms to determine if the velocity point is wet
or dry (Figure3.3). This concept was developed by Wijbenga (1990). Instead of computing
the energy loss by a convective term, another term will be added to the momentum equation
to account for this loss.

g” AEweir
M.=——
* Ax (3.19)

For subcritical flows, energy loss ( AE,,.;) is based on either AETanie Or the Carnot equation
(AEcar). The flow velocity at the weir crest is determined depending on the discharge
upstream and the crest height. Depending on the velocity at the crest of the weir, the energy
loss may be determined differently. If the velocity is less than 0.25m/s, the energy loss will
be calculated according to the Carnot formula, and the AEranie Will be applied if the velocity
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is in the range 0.25-0.5m/s. Otherwise, the loss will depend on the average value of those
two formulas.

— Qweir _ Qweir
Welr ™ Ay({up+HKRU 3:20)  Uaown = gz s hkRU ) 3:21)
(Uweir_Udown)2
AEcq = ST (3.22) . energy loss by CarnotThe loss
will be added to the momentum equation, as follows: (3.23)
1/2
o gAE" UL,
aT AXU}, i
(3.24)

AE™ = (1 — @)AE™ + QAE™1/2

N

Figure (3.3) The defined term of a 2D weir equation (from Delft3D manual, 2011)
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Momentum Equation

In Delft3D, finite difference method is applied in solving partial differential equations based
on discretizing the equations on a curvilinear grid (structure). The variables in the equations
are arranged on the grid by applying a staggered grid; for example, water level is defined at
the grid center, and velocity at the corner of the cell. For solving advection terms, three
methods can be implemented, which are Waqua, Cyclic, and Flood. In both Cyclic and
Wagqua, the advection terms are integrated implicitly (Stelling, 1984; Stelling and Leendertse,
1992). In the Flood scheme, the advection terms are integrated explicitly, and unlike the two
other methods, it has a time step restriction by Courant number. This is implemented in the
case of a rapid varying flow, like a hydraulic jump (Stelling and Duinmeijer, 2003). The
time integration is based on ADI (Alternating Direction Implicit). One of the characteristics
of this method is that the water levels and velocities are coupled along grid lines, leading to
systems of equations with a small bandwidth.

Transport Equation

For discretizing horizontal advection in the transport equation, two schemes are available:
Cyclic and Van Leer. Cyclic is based on implicit time step integration for advection and
diffusion (Stelling and Leendertse, 1992). Although the Van Leer scheme depends on
explicit time step integration, which requires less computation time, it has a time step
restriction by Courant number (Van Leer, 1974).

To prevent negative concentration, the sink term is integrated implicitly, whereas the source
term is solved explicitly. Furthermore, the Forester filter is included in the model to prevent
nonphysical oscillation that leads to negative concentration. This filter is more applicable to
those areas with coarse grids and steep gradients (Forester, 1979).
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4. Study Area

4.1. Area Description
Drava River is located in south central Europe, with a length of 749 km. Its source is in the
Puster Valley of South Tyrol, Italy (Wikipedia). This  river  passes

through Austria, Slovenia, Hungary, and Croatia. The study area is a part of Drava River
located in the western part of Austria’s Carinthia province.

N o , g ) TR 2F %
o J e P ;;# ) A oAy (R eES
A _ 4 § a f ' : | ) )

L

Figure (4.1) a- Austria map; b-Location of hydropower plant on Drava River. Flow is from
NW to SE.



https://www.google.ca/search?espv=2&biw=1920&bih=949&q=Austria&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDQ2zTJXYgcxM8wrtGSzk63001Pz04sSCzIq9Ysyy1KLrJLzS_NKijJTiwGLEzSdNQAAAA&sa=X&ved=0ahUKEwjvypPAzLXOAhXGuhQKHXCeAN0QmxMIogEoATAa
https://www.google.ca/search?espv=2&biw=1920&bih=949&q=Slovenia&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDQ2zTJX4gAxzUosyrRks5Ot9NNT89OLEgsyKvWLMstSi6yS80vzSooyU4sB7UKzUTYAAAA&sa=X&ved=0ahUKEwjvypPAzLXOAhXGuhQKHXCeAN0QmxMIowEoAjAa
https://www.google.ca/search?espv=2&biw=1920&bih=949&q=Hungary&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDQ2zTJX4gAxjdOzjLRks5Ot9NNT89OLEgsyKvWLMstSi6yS80vzSooyU4sB7m2IPzYAAAA&sa=X&ved=0ahUKEwjvypPAzLXOAhXGuhQKHXCeAN0QmxMIpAEoAzAa
https://www.google.ca/search?espv=2&biw=1920&bih=949&q=Croatia&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDQ2zTJX4gAzC7LMtWSzk63001Pz04sSCzIq9Ysyy1KLrJLzS_NKijJTiwGe9awhNgAAAA&sa=X&ved=0ahUKEwjvypPAzLXOAhXGuhQKHXCeAN0QmxMIpQEoBDAa

The portion of the river located in Austria is about 214km long. Only 27% of this length is
free-flowing, because of the hydropower plants constructed along the river. According to
Habersack (1996), the only source of bed load sediment is from the Isel River. From the
intake of the Isel River to upstream of the study area, there are five hydropower plants, which
may have an important influence on the amount of sediment that reaches the study area, as
shown in Figure (4.1-b).

Upstream study area

Downstream Part-1 study
B DoWnSﬂéam Part-2 study

’
’,

Figure (4.2) Study area (highlighted in green) and hydropower plant (shown by red pin).
Flow is from left to right.

The first part of this research focused on the upper portion of the study area, which is a
meandering river with a length and average width of 2.6km and 250m respectively (Fig. 4.2).
In the second part, the study area extended toward the mouth of the reservoir. As can be seen
from Figure (4.2), the area is located before a reservoir. Estimating the rate of sediment
transport will have a significant effect on managing the reservoir, because according to
Dorfmann and Knoblauch (2008), during 40 years of operation, the power plant turbine has
faced severe problems because of suspended sediment. From data collected by Dorfmann at
a station upstream of this reach, the average discharge during summer and spring is about
350-400m°/s, and in winter the discharge is only 200m3/s. However, high discharge is
usually observed during fall, and reaches about 1200m®/s. Although the rate of flood
discharge varies between years, the duration of flooding may take days, and several discharge
peaks may occur. In addition to discharge, both the suspended sediment upstream and water
level downstream were measured in the same year. A high percentage of cohesive sediment
is supplied to the area during high discharge, with concentrations as high as 7kg/m3. During
the rest of the year, the sediment supply is much lower, approximately 0.5kg/m3. It is
believed that change in sediment supply related to the hydropower plant that located to the
upstream of this area that release sediment especially during flushing.

31



4.2. Field Data
4.2.1. Bathymetry

After hydropower plant construction in 1968, several surveys were carried out in the study
area. Topographic surveys were taken at several cross-sections in 2012, 2013, and 2014 by
Verbund-VHP (unpublished). These data were collected with an Acoustic Doppler Current
Profiler. The section locations are shown in Figure (4.3), and will be referred to throughout
this thesis. The pre- and post-flood profiles for the 2012 surveys are shown in Figure (4.4-b).
In addition, in the meandering part, on the 10thof October, 2014, a side-scan survey was
carried out by Verbund-VHP (unpublished). Although the side-scan survey completely
covered the area along the river, in some locations full river sections were not recorded, as
shown in Figure (4.3). However, the individual cross-section data for the river cover the
complete river section.

‘ Side scan survey

. Single beam cross section

Single beam cross sections

Figure (4.3) Side-scan and single-beam survey (Flow is from left to right)

It is crucial to compare the side-scan and single-beam surveys for multiple reasons: first, to
examine the alignment between the surveys, and second, to check if there is a change in
morphology between the times of the velocity measurement and the side-scan survey. As
shown in Figure (4.4-a), in some sections the two surveys do not have good alignment. For
example, in section DFL1910 the channel’s left margin from the side-scan data does not align
with the individual cross-section data. However, the alignment appears to be suitable for
most sections, which allows for the estimation of channel changes between the side-scan
survey and the individual section surveys. Furthermore, most of the sections underwent
slight scouring between July 2014 and October 2014, with the exception of sections
DFL1710 and DFL1610, where filling occurred on the inner bank point bar on the left side of
the channel.
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Sidescan and Single beam Survey Comparasion
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Figure (4.4-a) Bed profile by side scan and single beam; Sections seen from left to right, looking

downstream.
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Figure (4.4-b) 2012 pre- and post-flooding morphology measurement at 10 cross-sections;
sections seen from left to right, looking downstream
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4.2.1. Hydrodynamic

Velocity measurements were carried out on 7" May and 8" May, 2014, by Dorfmann
(unpublished). The measurements were obtained for eight cross-sections at meandering with
an Acoustic Doppler Current Profiler. In addition, time series data for discharge and water
level were collected for one year (June 2012-June 2013). The discharge station was located
near the inlet of the study area, at Selkach Bridge, and the water level station was located
near a hydropower plant (Fig 4.5). The highest discharge was recorded in the fall season, and
at this time, the lowest water level was recorded downstream. This occurs due to opening the
gate, which is known as the flushing period.

4.2.1. Sediment

Suspended sediment concentration was also measured by Verbund-VHP (unpublished) for 1
year (June 2012-June 2013) at the station located near the inlet of the study area at Selkach
Bridge (Fig. 4.5).
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Figure (4.5) Collected data include discharge and suspended sediment at upstream and water level at
downstream
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Four suspended sediment samples were collected in November 2012 at Selkach Bridge
(Chart 4.1, Table 4.1). It can be seen the suspended sediment ranges between 0.15mm fine
sand and 0.005mm clay.

Grain size distribution at Selkach Bridge

—o—1
——2
——3
—0—4

—@— Average

1866™

0.010 0.100

Chart (4.1) Grain size distribution of measured suspended sediment at Selkach Bridge

Table (4.1) Grain size distribution

Grain sizes 13/11/2012 [ 12/11/2012 [ 05/11/2012 | 05/11/2012 | Average
<1lum % 1 1 1 1 1
1-2,5um % 3 4 2 3 3

2,5-5im % 6 8 4 5 5.75

100

100

100

100

10-15pm % 12 15 9 12 12
15-20um % 11 14 9 12 11.5
20-25um % 10 11 9 11 10.25
25-30pm % 9 9 8 10 9
30-40pm % 12 12 13 16 13.25
40-50um % 7 5 8 9 7.25
50-60um % 4 2 4 4 3.5

100




To save computational time, the above distribution was reduced to five grain size classes by
applying inverse distance weighted interpolation. Regarding grain size distribution in the
bed, not enough information was available. The bed material in the study reach was
estimated from a 1D model of the whole chain of the hydropower plant to consist of three
main particles (Table 4.2).

Table (4.2) Estimated bed grain size distribution

Grain size (mm) Percentage

0.22 33
15 33

The smallest particle overlaps with the suspended particle size and the biggest grain may be
nearly immobile. Therefore, only the (0.22mm) size class was included with the other five
particle classes in the model. The percentages below were applied in determining the
concentration of each grain size. Because the concentration of 0.22mm grains was not
available, it was estimated as having the same concentration as 0.158mm grains when the
flux is greater than 400m?/s. If the flux is less, the concentration is considered as equal to the
same concentration divided by three (Table 4.3).

Table (4.3) Grain size percentage multiplied to total concentration for model inlet boundary

Grain Size(mm) Percentage%
0.00750 22
0.01974 34
0.03941 29
0.07958 12
0.15769 3
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5. Model Setup -Meandering (Part 1)

5.1. Domalin

5.1.2. Grid

In this study, horizontally, curvilinear grid, and vertically, 6 grids were implemented.
Horizontally, the computational grid was divided into 12,928 cells, as can be observed from
Figure (5.1). Vertically, 10 layers were implemented. The input latitude is 46.54 degrees.

oy o -
aU/S%Study Area ‘ « Grid Area (m?)

D/S-Study Area &

Googlc earth|

Imagery Date: 9/10/2012 lat 46.541900° lon: 14.102309% elev 464 m eye alt 1.87 km |

Figure (5.1) Computational grid of the study area (Part-1)

5.1.2 Bathymetry

In hydrodynamic calibration Bathymetry of sided scan survey -2014 is applied. However,
since the morphodynamic survey and sediment boundary condition was obtained in 2012, it
was essential to depend on bathymetry 2012. Therefore based on bathymetry of 2014 side
scan and morphodynamic cross section of 2012 prior flooding, the bathymetry for
morphodynamic calibration is prepared by Cokriging interpolation (Figure 5.2).  Prior
starting interpolation, the Cokriging condition like (checking normality distribution, checking
for stationary, checking for trend, and autocorrelation) have been satisfied.
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After that at the bend, the river divided to two parts and for each of them interpolation are
conducted. The reason for this division was to satisfy the lag of the semivariogram map of
the kriging. In the interpolation setup, anisotropy changed to true; number of lags, lag
number, direction, and minor range have been modified to have lowest root mean square
error.
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In most cases, the time step plays an important role in model stability. In Delft3D, in the case
of a 6 grid excluding waves, the following formula for the Courant-Friedrichs-Lewy number
(CFL) needs to be satisfied:

_ Aty gH

CHL = {Ax, Ay}

<1

In the current model, At=0.05min, and with the grid size shown in Figure (5.1), this condition
is satisfied. However, some other time step restrictions must be satisfied that change
depending on the process in the simulation. In Delft3D, if this condition is not satisfied, a
warning will be given in the diagnostic file. For more information, refer to the manual.

Hydrodynamic- Steady State

In the hydrodynamic validation for May 7" and May 8", 2014, discharges of 390m®s and
420md/s at the model inlet and water levels of 461.5m and 461m respectively at the outlet
boundary were applied. In the 2D simulation, the inflow conditions were assumed to be
uniformly distributed, whereas in the 3D simulation, they were presumed to be distributed
logarithmically in the vertical direction.

Morphodynamic-Unsteady State

In the morphology model, at upstream both the River flux and sediment concentration and at
downstream, water level are prescribed. The concentration of individual grain sizes was
determined by multiplying the percentages of grains in the grain size distribution by the total
concentration. In Delft3D, for boundary type, total discharge- time series and water level
time series are chosen.

In the steady state simulation, the initial water level was assumed to be at level (461.5m-
Normal period) for both discharge fluxes, 390 and 420 m®s. In unsteady state, i.e., the first
morphology simulation on bathymetry 2012, an initial water level of 461.5m and a zero
suspended sediment concentration were applied. This applied for the period between 1st
August 2012 and 1% October 2012. The rest of the simulation of each subsequent season
depended on the previous season’s results.
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5.4 Physical Parameters

In both the hydrodynamic and morphology model setups, the physical parameters were
obtained from a model assessment. This was done by comparing the model results (water
velocity and bed level change) with the field observation data. Based on the steady state
hydrodynamic model assessment in comparison with the ADCP velocity data, both the
roughness and horizontal eddy viscosity were obtained by sensitivity analysis, which is
presented in Section (6.1). Based on the bed level assessment in comparison with the
observed scour and fill, various sediment parameters were chosen, which is discussed in
Section (6.2).

The model assessment depends on statistical errors represented by Mean Absolute Error
(MAE), Root Mean Square Error (RMSE), and coefficient of determination (R?).

MAE RMSE R2
Y.(Model — ADCP) ) Y. (ADCP — Model)?
n 2 —\2
— » (Model — ADCP
nz:( ode ) Y.(ADCP — ADCP)
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6. Model Assessment

6.1.1. Roughness

Three simulations were conducted in order to determine the best value for bed roughness. As
can be seen in Table (6.1), Runl and Run2 were 2D models including secondary flow model
corrections. In these runs only the roughness was changed, and the parameters for horizontal
eddy viscosity and diffusivity remained the same, with values of 0.1 and 107 respectively. In
Runl, where a constant roughness (Manning-n =0.025sm™/®) was applied, the velocity near
the bank was overestimated. This is because the river near the bank has a higher shear stress
and lower tangential velocity compared to the main channel. To solve this, in Run2, the
roughness near the bank was increased to 0.040 sm™® and the roughness in the rest of the
river was set at the same as for Runl. This change increased the coefficient of determination
for resultant velocity from 53.8% to 63.6%. In Run3, the roughness at the outer bank in the
downstream section (DFL1300) was changed to 0.015 sm™/® and the rest was set at the same
as for Run2. This change did not increase the model’s accuracy. The reason for this analysis
was to see if the extensive scour that occurred in 2012 had a relationship with the roughness.

Table (6.1) Overall error results for 8 cross-sections (Flux=390m?3/s, H. Eddy
Viscosity=0.1m?/s, diffusion=10-*m?/s, Bc=0.5)

Roughness Velocity R? MAE RMSE
Constant(0.025) U(Vx) 0.629 0.052 0.078
T V(Vy) 0.930 0.038 0.049
- R=V(UZV?2) 0.538 0.057 0.079
~ | Spatial Vary(0.025@ U(VX) 0.685 0.049 0.075
S | main channel& V(Vy) 0.939 0.036 0.046
™ | 0.040@bank) R=V(U\2) 0.636 0.053 0.076
°§ main channel& V(Vy) 0.914 0.042 0.055
@ | 0.040@bank, R=V(U+V?) 0.598 0.062 0.085
0.015@Downstream)
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6.1.2 Secondary flow-2D (Bc¢) Analysis

The second essential analysis was on the secondary flow model correction in the 2D model.
As mentioned before, the effective horizontal shear stress will be added to the momentum
equation to account for secondary flow if the secondary flow model is evoked. Analysis of
Bc, which is a user-defined parameter in the mentioned equation, shows that including a
secondary flow correction in the 2D model decreased the model prediction (Table 6.2). The
depth-averaged velocity vectors for the various model runs are shown in Figure 6.1-a. The
reverse flow along the outer bank, observed in both the measurements and the model results
(see also Figure 6.1-b), may have occurred because of the channel curvature. As can be seen
from Figure (6.1-a), although the shape of the secondary flow in the 3D model and (2D _
Bc=0.5) are similar, the depth-averaged velocity is overestimated in Run4 compared to the
ADCP data, especially near the inner bank (see also Figure (6.1-b)). Furthermore, from
comparing the outer bank and inner bank spiral flows in Figure (6.1-b), it can be seen that
including the secondary flow model in the simulation decreased the reverse flow estimation
at the outer bank but increased the secondary flow estimation at the inner bank. The
secondary flow momentum correction algorithm based on channel curvature was not
designed specifically to predict a reversing flow along channel banks. Furthermore,
according to Kalkwijk and Booij (1986), who developed this secondary flow model, the
model has restrictions on the applicable width and curvature of the channel. Overall, it can
be seen that the 3D model provided better estimates of the depth-averaged velocity
distribution, although it was only marginally better than the 2D model without secondary
flow correction.

Table (6.2) Overall error results for 8 cross-sections (Flux=390m?%/s, Viscosity=0.1m?/s,
diffusion=10®, roughness=spatial roughness, as in Run2)

Roughness Velocity R? MAE RMSE
2D, secondary flow U(Vx) 0.685 0.049 0.075
< .
S ‘I;O”ec“on 0.5) V(Vy) 0.939 0.036 0.046
X eta (Bc=0.
B R=V(U%+V?) 0.636 0.053 0.076
| 2D, secondary flow U(Vx) 0.754 0.045 0.066
S | correction V(Vy) 0.943 0.035 0.044
™ | Beta (Bc=0.2) R=V(U2+\?) 0.724 0.049 0.067
© 2D, secondary flow U(Vx) 0.796 0.043 0.060
S | correction V(Vy) 0.946 0.034 0.044
x| Beta ($c=0.01) R=V(U+VD) 0.777 0.046 0.061
2D, without secondary U(Vx) 0.798 0.042 0.059
N~ .
g | flow correction V(Vy) 0.946 0.034 0.044
o (BC_O) _ 2 2
R=V(U%V?) 0.780 0.046 0.061
S | (K-Epsilon) V(Vy) 0.948 0.034 0.043
o R=V(U%V?) 0.828 0.042 0.054
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Figure (6.1-a) Spiral motion from depth-averaged velocity results
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6.1.3 Horizontal Eddy Viscosity

This analysis is conducted to show the influence of horizontal eddy viscosity in a 2D model
with and without a secondary flow model. As can be seen from Table (6.3-a, b), when the
secondary flow model is included in the simulation, the model has the lowest errors when the
horizontal eddy viscosity is equal to 0.3m?/s. On the other hand, lower errors are achieved
when the secondary flow model is excluded, and the best predictions are obtained with an
eddy viscosity equal to (0.1m?/s).

Table (6.3-a), 8 cross-sec., (Flux=390m®/s, 2D simulation, secondary model included, spatial

roughness as in Run2),

Horizontal Eddy Velocity R? MAE RMSE
Viscosity

Constant Viscosity U(Vx) 0.692 0.050 0.069

2 0.5m?/s V(v
= y) 0.936 0.036 0.047

x

R=v(U2+V?) 0.675 0.050 0.068
o | Constant Viscosity U(Vx) 0.711 0.048 0.069
T 0.3m?/s V(Vy) 0.939 0.035 0.046
o R=V(U%+V?) 0.693 0.050 0.068
— | Constant Viscosity U(Vx) 0.685 0.049 0.075
§ 0.1m?/s V(Vy) 0.939 0.036 0.046
o R=V(U%+V?) 0.636 0.053 0.076

Table (6.3-b), 2D simulation, Secondary model excluded, spatial roughness as in Run2,

Horizontal Eddy Velocity R? MAE RMSE
Viscosity

«~ | Constant Viscosity U(Vx) 0.729 0.047 0.065
= 0.5m?/s V(Vy) 0.940 0.034 0.045
)
o R=V(U2+V/2) 0.728 0.048 0.063
o Constant Viscosity U(Vx) 0.772 0.044 0.061
= 0.3m?/s V(Vy) 0.942 0.034 0.044
z R=V(U%V/2) 0.772 0.045 0.060
< | Constant Viscosity U(Vx) 0.798 0.042 0.059
T 0.1m?/s V(Vy) 0.946 0.034 0.044
o R=V(U2+V?) 0.780 0.046 0.061
w» | Constant Viscosity U(Vx) 0.795 0.043 0.061
§' 0.08m?s V(Vy) 0.945 0.034 0.044
aa R=V(U2+V?) 0.773 0.047 0.062
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6.1.4 Horizontal Eddy diffusivity

When the secondary flow model is implemented in a two-dimensional model, a diffusion
coefficient will also be activated in the hydrodynamic model. In this analysis, different
values for the diffusion coefficient are applied in the simulation. As can be seen in Table 6.4,
the model including a secondary flow model yielded better predictions when the horizontal
eddy diffusivity was increased. However, errors are still greater compared to the model
excluding a secondary flow model.

Table (6.4) 8 cross-sec., 2D simulation, secondary model included, viscosity (0.1m?/s),
spatial roughness as in Run2, Flux=390m®/s

Horizontal eddy Velocity R? MAE RMSE
diffusivity

| Constant U(Vx) 0.702 0.049 0.073
= 10m?s V(Vy) 0.940 0.036 0.046
>
o R=v(U2+\V/?) 0.657 0.053 0.075
| Constant U(Vx) 0.685 0.049 0.075
= 10°°m?/s V(Vy) 0.939 0.036 0.046
z R=V(U2+\2) 0.636 0.053 0.076

6.1.5. Comparing 2D results for 390 and 420 m®/s fluxes

In comparing between the 390 and 420 m¥'s fluxes, it will be more accurate to depend on the
values of MAE and RMSE instead of R?. The reason for this is related to the difference in
the number of points used in the validation of the model. It can be seen in Table (6.5) that the
model based on a discharge flux equal to 420m?®/s had greater error than the model developed
for a discharge flux of 390 m%/s. The velocity results for both fluxes are shown in Figure 6.2-
a.

Table (6.5) 8 cross-sec., 2D simulation, viscosity (0.1), spatial roughness as in Run2

Velocity R? MAE RMSE

- 2D, without secondary U(Vx) 0.798 0.042 0.059

S | flowcorrection V(Vy) 0.946 0.034 0.044
@ | (Bc=0)-390 m°/s

R=V(U%+V?) 0.780 0.046 0.061

2D, without secondary U(Vx) 0.868 0.044 0.061

@ | flow correction 5 V(Vy) 0.952 0.040 0.053

& | (Bc=0)-420 m“/s R=V(U2+V2) 0.758 0.054 0.069
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Figure (6.2-a) Depth-averaged velocity (m/s) (x-component- stream wise velocity, y-component- cross-

stream velocity and resultant of both component)
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right to left looking from upstream

Figure (6.2-b) compares the measured and modelled stream-wise and transverse velocities at
the bend cross-section for both discharge scenarios (390 m®/s on May 7 2014, and 420 m®/s
on May 8 2014). The stream-wise velocities in the 390 m*/s model were under-predicted
near the left bank and over-predicted near the right bank. The 420 m3/s model had relatively
lower stream-wise velocity error; however, the predicted transverse secondary flow at both
the inner and outer banks was lower than observed in the field measurements.
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6.2. Morphodynamic Calibration and Validation
6.2.1 Physical parameters

Based on hydrodynamic analysis, the morphodynamic model is started with a horizontal eddy
viscosity of 0.1m?/s and spatial roughness of 0.025 & 0.04 sm™® at the main channel and the
bank respectively, without the secondary flow model in 2D. The horizontal diffusion
parameter was set to 10m?/s.

6.2.1.1 Sediment parameters
Table (6.6) Non-cohesive sediment parameter input

Sediment Name SedimentG3 Sediment03 Sediment12
Fine sand Fine sand Fine sand
Percentage-for 3% or (1/3*Sed03) 3% 12%
concentration-inlet
Grain size (um) 220 158 79.5
Dry bed density (kg/m?®) 1600 1600 1600

Table (6.7) Cohesive-sediment parameter input

Sediment Name Sediment29 Sediment34 Sediment22
Percentage-for concentration-inlet 29% 34% 22%
Particle size (um) 39 19 7.5
Critical shear stress of erosion (N/m?) 0.1 0.065 0.03
Critical shear stress of deposition (N/m?) 0.09 0.050 0.02
Dry bed density (kg/m?3) 500 500 500
Erosion parameter (kg/m?/s) 0.0001 0.0001 0.0001

The required parameters for the non-cohesive and cohesive grains are shown in Table 6.6 and
6.7 respectively. The initiation of motion for the cohesive sediment depends on the critical
shear stress of erosion. In most cases these values will be obtained from field measurements.
However, in this study, due to lack of data, these values were obtained from Van Rijn (2016),
as shown in Figure (6.3). In this curve, cohesion between the particles is excluded. It is
essential to mention that since in Delft3D the sediment calculation is applied on each particle
individually, it is more accurate to apply the values from this curve than from literature, in
which the critical bed shear stress accounts for the cohesion between the particles.
Nevertheless, the interaction between particles will be taken into account in both the non-
cohesive and cohesive sediment transport equations, as mentioned in Section (3). Regarding
the critical shear stress of deposition, as mentioned before in Section (3), there is still a debate
on whether the deposition of fine sediment is controlled by the critical shear stress of
deposition or only the settling velocity and concentration. Therefore, in this study both
methods will be applied and the difference between them will be shown.
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Figure (6.3) Critical bed shear stress estimation by Van Rijn (2016)

6.2.1.2 Morphology parameters
There are many parameters to be defined in a Deflt3D morphological model. Some of these
parameters were held constant during all simulations, whereas some of them were specified
for each individual simulation, as shown in Table 6.8-a. The parameters that were modified
will be mentioned in each analysis. In the first analysis, most of the parameters started with
the default setup of Delft3D.

Table (6.8-a) The required parameter input in the morphology file

MorFac | Morphological scale factor 1
MorStt | Spin-up interval from T Start till start of morphological changes 720 min
Thresh | Threshold sediment thickness for transport and erosion reduction 0.05m
MorUpd | Update bathymetry during FLOW simulation true
EgmBc | Equilibrium sand concentration profile at inflow boundaries false
Densin | Include effect of sediment concentration on fluid density false
AlfaBs | Stream-wise bed gradient factor for bed load transport 1
AlfaBn | Transverse bed gradient factor for bed load transport 1.5
Bed Multiplication factor for bed-load transport vector magnitude 1
Sus Multiplication factor for suspended sediment reference concentration 1
SedThr | Minimum water depth for sediment computations 0.6m
ThetSD | Factor for erosion of adjacent dry cells 0
Islope Bed slope formulation (options 1-4 see manual Table B.6)(2=Default) 2
Upwind | Use upwind bed load (true, default) or central bed load (false) true
Bed load

51




Under layer

In Delft3D, the bed can be defined either as a well-mixed bed or as a stratigraphic layer.
Since in most cases the sediment bed is found sorted from finest at the top to coarsest at the
bottom, bed stratigraphy was implemented. In this study, only two layers were defined: the
top was the “active” layer, and under this was a base layer. The first simulation started with a
constant distribution of the sediment for the whole reach, as shown in Table (6.8-b).

Table (6.8-b) The required parameter input in the morphology file, under-layers

IUnderLyr | Stratigraphy schematisation model (1 = single layer, 2 = multiple 2
layers)
MxNulyr | Maximum number of under-layers (excluding transport and base layers) | 0
TTLForm | Transport layer thickness formulation 1
UpdBaseLyr | Update option for composition and thickness of base layer 1
Inicomp: Initial bed composition:
Layer Thick | Sediment | Sediment | Sediment | Sediment | Sediment | Sediment
(m) G3 03 12 29 34 22
Active Layer 4 40% 30% 30% 0 0 0
Base layer 5 100% 0 0 0 0 0

*The above setup that shown in sediment and morphology will be referred to it as Setup #1.

Most initial simulations were conducted over 14 days (3 Nov - 18" Nov, 2012) to evaluate

the sensitivity of the model to the various input parameters.

In this sensitivity analysis,

comparisons were made with the bathymetry observation cross-section data (Figure 4.4b).
The last calibration was conducted on simulation of the four-month period between August
and December 2012 (see Section 6.2.9).
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Figure (6.4) Boundary data for 14 days
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6.2.2 Sediment Transport rate

An important part of morphology modelling is estimating the correct rate of sediment
transport. This value, for both suspended and bed load, is influenced by many parameters
such as slope, transport formula, and calibration coefficient (Bed, Sus). Therefore, due to the
absence of measured transport rates, the following sensitivity analyses were performed.

6.2.2.1 Bed Load Transport

The two versions of the Van Rijn formula in Delft3D calculate bed load transport differently.
For example, in Van Rijn (1984), reference height is a user-defined parameter, whereas in
version (1993), it will be determined by the model. Some other differences will be explained
depending on model results.

bed load transport, magnitude: sum of all fractions (KG/S/M) bed load transport, magnitude: sum of all fractions (KG/S/M)
06-Nov-2012 00:00:00 06-Nov-2012 00:00:00
Van Riin-1993 Van Rijn-1984
Reference height=0.01m

Figure (6.5) Results of Setup #1 for 14 days (3" Nov 2012 - 18" Nov 2012)

Figure (6.5) shows the results of simulation after the first flood period (6! Nov). The highest
rate of bed load transport is estimated by applying Van Rijn (1993). The low transport rate
estimated by the (1984) formula may be correlated with the reference height, which has an
influence on effective shear stress. The reference height in the (1993) version estimation
depends on water depth, whereas for the 1984 model it has to been defined by the user. This
figure shows that bed load transport extends all the way through the bend in the (1993)
model, whereas in the (1984) model the high transport rate continues only up to the head of
the point bar.
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6.2.2.2. Suspended Sediment Transport

near bed reference concentration: sum of all fractions (kg/m*) s r bed reference concentration: sum of all fractions (kg/m3) 800
06-Nov-2012 00:00:00 06-Nov-2012 00:00:00
700

Van Rijn-1993 Van Rijn-1984
600

500

Ja00

— r\

a

) ) 35 35
d.a. suspended transport, magnitude: sum of all fractions (KG/S/M) suspended transport, magnitude: sum of all fractions (KG/S/M)
06-Nov-2012 00:00:00 06-Nov-2012 00:00:00
30 30
25 25
20 20
{45 {15
10 10
-

Figure (6.6) Near-bed reference concentration and suspended sediment transport of
summation all fraction - Model Setup #1

In Figure (6.6), although the near-bed reference concentration of the Van Rijn (1984) version
is much higher compared to the Van Rijn (1993) version, the overall depth average-
suspended transport rate of all fractions is almost the same in the two models. In Figure
(6.7), the result of only one non-cohesive sediment fraction (sediment12) shows a high value
of near-bed reference concentration in the Van Rijn (1984) version. It is known that sediment
transported as bed load increases with reference height. In other words, increasing the
reference height will decrease the rate of non-cohesive suspended sediment transport, which
can be observed clearly in Figure (6.7). However, it is not clear why there is such a large
difference between the reference concentrations between the 1984 and 1993 models. One
question that is to ask is how the same suspended sediment transport is estimated by the two
models despite this huge difference in near bed reference concentration. It may be that the
influence of the near-bed reference concentration is corrected by the calibration coefficient in
the 1984 version.
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Figures 6.5 and 6.7 allow the examination of the predicted bed load transport and erosion-
deposition pathways. The overall patterns are similar in the 1984 and 1993 versions of the
Van Rijn model. Although the bed load transport is calculated as being higher at the
upstream left side of the channel compared to downstream of the outer bend, deposition is
estimated upstream, whereas erosion is estimated downstream. The sediment deposited in the
upstream zone is likely due to bed load that is transported into the model domain from
upstream during flood conditions.

6.2.3 Slope Formula Analysis: (Van Rijn, 1993)

The purpose of this analysis was to find out if the observed scour at the downstream pool can
be estimated by different slope formulae compared to the observed bed level measured in
2012 in Figure (4.4-b), as shown in Section 4. In addition, the analysis examined the
influence of changes in bedload transport rate on those areas that need to be eroded as in the
field data. Note that the Parker and Andrews (1985) formula which is defined by (Islope=4)
in the model was not implemented because this formula was developed for bed grain
transport in the size range 0.45-0.78mm, and one of the parameters in this equation is a
hiding and exposure coefficient which is not available when fine sediment is present in the
bed.

In Figure (6.8a), the results in the first row were based on Setup #1 but with a different slope
formula. The results shown from the second row until the last row were for a run with a
different morphological factor (= 2) and bed coefficient (= 20). Figure (6.8a) demonstrates
that applying a different slope formula results in different erosion and deposition rates,
especially when bed load transport was dominant. With the original Setup #1 (shown in the
first row (a_1, a 2, and a_3), the erosion-deposition rates estimated by the three slope
formulae were slightly different, whereas as shown in the second row (b_1, b 2, b 3),
significant differences can be seen between the slope formulae with the revised
morphological factors and bed coefficients. Both Islope=1 and Islope=2 increased bed load
transport, which resulted in erosion at the upstream left side (sections DFL1920-DFL1910).
However, applying Islope=3 resulted in deposition. In addition, in the second row, at the
head of the inner bend, erosion is estimated when slope was excluded (Islope=1), whereas
implementing Islope=3 produced deposition in this zone. This difference was less in the first
row (a_1, a_2, and a_3). Furthermore, comparing the downstream area, the right side of
cross-section (DFL1610-1510) showed almost the same erosion by Islope=3 in row-2 (b_1,
b_2,and b_3) compared to row-1(a_1, a 2, and a_3), whereas the other two Islopes produced
much higher erosion in row-2 (b_1, b_2, and b_3) compared to row-1 (a_1, a_2, and a_3).
Overall, the Islope=3 formula decreased both bed and suspended sediment transport rates
compared to the other formulas.
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Figure (6.8) Cumulative erosion deposition, bed load transport, and suspended load transport at the
end of the 14-day simulation with implementation of different slope formulas.
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6.2.4 3D-Morphodynamic

A 3D simulation was conducted on Setup #1 with 10 vertical layers using the sigma model
while applying Islope=3 (Figure 6.8b). Similar to the field measurements (Fig. 4.4b), at the
bend, the estimated deposition at the inner bank was almost the same as indicated in the field
measurements, although the outer bank erosion was not predicted. In contrast with the field
measurements (Fig. 4.4b), erosion was not estimated on channel left between sections
DFL1400 and DFL1300. In addition, in the upstream end of the model domain, at the left
side of section DFL 1910-DFL 1920, erosion was estimated instead of deposition.

Comparing the 2D and 3D results, the rates of bed load and suspended load transport were
almost the same (compare Figs. 6.8a and 6.8b). Furthermore, the 3D results for erosion-
deposition were similar to the 2D model without the bed slope effect, even though in 3D
Islope=3 was applied, as mentioned before. Comparing 2D for Islope=3 and 3D shows
dissimilar pattern in erosion and deposition. For example, in the upstream end of the model
domain, at the left side of section DFL 1910-DFL 1920, erosion was estimated in the 3D
model, whereas the 2D model predicted deposition (in keeping with the field measurements;
see Fig. 4.4b). This occurred because in this zone the bed shear stress estimated by 3D was
higher compared to 2D.
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Figure (6.8b) 3D simulation (10 layers and k-e turbulence model) for 14 days on Setup #1 model
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6.2.5. Grain size analysis

Bed composition and grain size distribution are both important parameters that control
morphological change. However, due to the absence of this information, a sensitivity
analysis was essential to determine which particle size result is compatible with the
observation data. All the previous results demonstrate that by having bed-load sand grains
the observed erosion at outer bend and left side of downstream section (DFL1300 &
DFL1400) are not estimated despite changes in the slope formula and transport formula. This
result may be because of shear strength of the fraction that balance source and sink produced
deposition instead of erosion. This may suggest that smaller grain sizes are present in those
locations. Based on the 2012 cross-section morphology surveys, previous model sensitivity
results, and following the pattern of deep locations, a spatial distribution of bed-material
grain size was implemented. Comparing the bathymetry survey of 2014 and the post-flood
cross-section survey of 2012, not much difference was detected (Figure 4.4-a, 4.4-b).
Consequently, it was assumed that the 2014 side-scan bathymetry survey is sufficiently
representative of the post-flood 2012 bathymetry. Following the deep water path in the 2014
bathymetry, fine grain sizes (0.039mm) were designated for the right side of cross-section
DFL1710 and the left side of DFL 1400 and DFL 1300, as shown in Figure (6.9). In
addition, at the right side of DFL1910 and DFL1920, this grain size was also assigned.
Although this area is not as deep as the other regions, this improved prediction of the erosion
at this location. The rest of the model domain consisted of sand particles following the grain
size distribution in Setup #1. Figure (6.9) shows the distribution at the top layer (active layer)
with a thickness of 4m. The base layer composition has not changed. With the only change
in bed fraction this setup will be referred to as Setup-A.

Setup -A

os

12 Water depth (m) Water depth (m)
2012 2014

o8

Volume fraction in layerl

(0.039mm)

0.6
0.5
0.4

03

Figure (6.9) Water depth for 2012 (pre-flooding - 1% August) and 2014 surveys and sediment 29-
volume fraction in in active layer
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Table (6.9) Different setups for simulation analysis

Setup Name | What changed in Setup#1

Setup-A Applying spatial grain size in active layer as shown in (Fig 6.9)

Setup-B Depend on Setup-A, and Morfac changed to (2)

Setup-C 10% of sediment-29 (0.039mm) added to blue are of Setup-A in figure(6.9)

Setup-D Depend on Setup-C, and Morfac changed to (2)

Setup-E Depend on Setup-A, with applying equilibrium condition at boundary for sand fraction
(EgmBc=true)

Setup-F Depend on Setup-A with change in critical shear stress of deposition

Setup-G Depend on Setup-A with change in critical shear stress of erosion

Setup-H Depend on Setup-G with change in critical shear stress of deposition

Setup-I11 Depend on Setup-A, with horizontal diffusion coefficient equal to (0.2 m?/s)

Setup-12 Depend on Setup-A, with horizontal diffusion coefficient equal to (1m?/s)

Setup-J Depend on Setup-11

Setup-K Depend on Setup-I1, with Bed=10 during 1% November-3" - December, 2012
simulation

Setup-L Depend on Setup-1, with applying Morfac time series

Setup-M Depend on Setup-K with applying Morfac time series

Figure (6.10-a_1) shows the results of the 14-day simulation for (Setup-A). As can be seen,
erosion estimated at the location that erosion observed in the field. However, the amounts of
deposition and erosion in the reach were still not equivalent to those of the field observations
(Figure 4.4b). Therefore, another simulation was conducted for (Setup-B), and in this setup,
the Morfac parameter was changed to (2) (Figure 6.10, a_2). The morphological factor has a
huge role in changing morphology, and has an influence on transport rate for bed load as well
as on the erosion-deposition flux for suspended load.
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Overall erosion and deposition increased with the morphological factor equal to two. For
instance, looking at the change in cumulative erosion and deposition at the left side of cross-
section DFL1300 during the 14 days (Figure 6.10, a_3 and a_4), in the first flood period (5"-
6" Nov), erosion was estimated to be 0.2m and 0.4m for morphological factors 1 and 2
respectively. The cumulative erosion and deposition gradually increased until the second
flood (flushing period, 12"-13" Nov), in which the bed scoured by 0.5m and 0.75m
respectively. Looking at the sedimentation in the middle of the section, it can be seen that
deposition only occurred during the two flood periods. Furthermore, it is clear from (Fig.
6.10, a_4) that the morphological factor has a large influence on the direction of sand
deposition. This effect can be seen more clearly after the second flushing. The width of the
hole on channel left decreased with the morphological factor equal to 2. This probably
occurred because of increasing sediment erosion on the right side of the channel and
subsequent transport toward the left side of the river.
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Figure (6.10) Cumulative erosion and deposition results at the end of flood period (14
days). a_1) simulation of Setup-A, a_2) simulation for Setup-B, a_3) DFL1300 cross-
section of Setup-A, a_4) DFL1300 cross-section of Setup-B.
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Sensitivity analysis was also performed on the percentage of fine particles in the blue area in
Figure (6.9). For this analysis, 10% by mass of (0.039mm) was added to the blue area. All
other conditions remained the same as in Setup-A. This setup will be referred to as Setup-C.
The results are shown in Fig. 6.11.

First, similar to the previous setup, the rates of erosion and deposition increased with the
morphological factor (Figure 6.11, a_2). In addition, comparison of (Fig. 6.11, a_3 and a_4)
for bed level changes in the middle of cross-section DFL1300 demonstrates that at first all the
silt particles will be eroded. Once only sand remains, sediment begins to deposit. This can
be seen clearly when the morphological factor is equal to two.
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Figure (6.11) Cumulative erosion and deposition results at the end of flood period (14
days). a_1) simulation of Setup-C, a_2) simulation for Setup-D, a_3) DFL1300 cross-
section of Setup-C, a_4) DFL1300 cross-section of Setup-D.
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6.2.6. Equilibrium vs Non-equilibrium concentration of non-

cohesive sediment at inlet

Prescribing an equilibrium concentration of non-cohesive sediment at the upstream open
boundary produced more erosion and less deposition (Figure 6.12, a_2) compared to a non-
equilibrium concentration prescription (Figure. 6.12, a_1). For instance, at the bend,
deposition extended all the way to the middle of the bend in the non-equilibrium simulation,
whereas in the equilibrium simulation there was a gap in deposition between the inner bend
and the channel center. Equilibrium sediment concentrations differed between the two
simulations, as demonstrated for an observation point at the upstream left side (Figure 6.12,
a_3). This dissimilarity is much higher during flood periods, especially in the second flood
period. Furthermore, applying the non-equilibrium condition leads to sand accumulation at
the inlet of the model, which has a tremendous influence on the model’s stability, especially
if it is applied with a morphological factor greater than one.
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Figure (6.12) Cumulative erosion and deposition results for the 14-day period). a_1) Applying
non-equilibrium concentration of sand fraction at boundary inlet, a_2) Applying equilibrium
concentration of sand fraction at boundary inlet, a_3) Equilibrium concentration of summation
of all fraction at the observation point at the left side of cross-section DFL2000
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6.2.7 Critical Shear Stress of Erosion and Deposition

Setup-A Te (N/m?) Setup-F Te (N/m?)
Sediment29 | Sediment34 | Sediment22 Sediment29 | Sediment34 | Sediment22
0.1 0.065 0.03 0.1 0.065 0.03
Td (N/m?) Td (N/m?)
Sediment29 | Sediment34 | Sediment22 Sediment29 | Sediment34 | Sediment22
0.09 0.05 0.02 800 600 400
Setup-G , Setup-H
Te (N/m?) Te (N/m?)
Sediment29 | Sediment34 | Sediment22 Sediment29 | Sediment34 | Sediment22
0.5 0.1 0.03 05 01 0.03
Td (N/m?) Td (N/m?)
Sediment29 | Sediment34 | Sediment22 Sediment29 | Sediment34 | Sediment22
0.4 0.05 0.02 800 600 400

Figure (6.13) Different values for critical shear stress of erosion and deposition

As has been mentioned before, the critical shear stress of erosion was obtained from the Van
Rijn curve, and the critical shear stress of deposition was given a value less than the critical
shear stress of erosion. However, until now, there has been a debate on whether the
deposition of cohesive sediment is governed by the critical shear stress of deposition or if it is
controlled only by concentration and settling velocity. Therefore, this analysis has been
conducted, and some different setups are shown in (Figure 6.13).

The results show that the critical shear stress of erosion plays a major role in sediment
deposition, whereas the critical shear stress of deposition does not have any influence on
sediment deposition in the main reach. For example, looking at the first and second columns
in (Figure 6.14, Setup-F and Setup-A), it can be seen that when the critical shear stress of
erosion is low, nor fraction (0.039mm), (Figure6.14, f 1, a_1), or (0.019mm), (Figure 6.14,
f 2, a 2) has deposited in the main channel. However, in column three (Setup-H) and
column four (Setup-G), both cohesive sediment have deposited and with almost the same
amount, despite the difference in the critical shear stress of deposition (Figure 6.14, h_1, g_1,
h_2 and g_2). The only place the critical shear stress of deposition has an influence is in the
circulation zone at the downstream right side (DFL1300). This can be seen clearly in (Figure
6.14, f 3and a_3). This will be discussed further in the Discussion section.
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Figure (6.14) Critical shear stress of erosion and deposition analysis results. f 1,a 1, h 1, g 1)
cumulative erosion and deposition of the 14-day simulation with different setups, f 2,a 2, h_2,
g_2) Sediment volume fraction (0.039mm) in the active layer, f 3, a 3, h_3, g_2) Sediment

volume fraction (0.019mm) in the active layer.
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6.2.8 Horizontal eddy diffusivity

Because of the high percentage of suspended sediment, it was crucial to evaluate sensitivity
to the horizontal eddy diffusion coefficient. As has been mentioned before, when the
secondary flow model correction is included in a 2D model, the diffusion coefficient will
influence both advection and diffusion. However, if the correction is excluded, the diffusion
coefficient will only influence the diffusion. This coefficient is probably more dominant
during normal periods compared to flood periods. This means that it may have more
influence on the deposition locations of suspended sediment. To examine this different
diffusion coefficient inspected (Setup-A, Setupll, and Setup-12). This analysis examines the
path of suspended sediment fraction (0.019mm), its concentration across the river, and the
erosion and deposition results.

As can be seen in Figure (6.15), although not much difference can be observed in the
suspended sediment transport rate, the suspended sediment concentration and erosion-
deposition in the whole reach changed slightly with the different model runs. Increasing the
horizontal-eddy diffusion coefficient leads to the dispersion of sediment equally across the
river (Figure 6.15, a 1, b_1, ¢ 1). This result is expected based on the advection-diffusion
equation (Eg. 3.12). In addition, if we compare the results when the coefficient is equal to
one (Figure 6.15,a 2, b _2, c_2), it can be seen that the rate of suspended sediment is slightly
higher, especially at the upstream left side of the river (DFL 1910 and DFL 1920).
Furthermore, it can be seen that the pattern of erosion deposition changed depending on this
coefficient (Figure 6.15, a_3, b_3, c_3). For instance, when the diffusion coefficient was
equal to one, at the upstream left side of the river (DFL 1910 and DFL 1920) there was a gap
in deposition and the sediment is mostly deposited at the boundary, whereas in the other cases
(Figure 6.15, a_3 and b_3) continuous deposition was predicted. This may have happened
due to the dominance of diffusion versus advection, leading to decreasing concentration in
that zone. On the other hand, more erosion at a concave bend is estimated by the diffusion
coefficients (0.001 and 0.2) compared to (diffusion=1).
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Horizontal Eddy Diffusion
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Figure (6.15) Horizontal eddy-diffusivity simulation results for the 14 days. a 1,
sediment 34 concentration (kg/m3) for eddy diffusion (0.001, 0.2 and 1 m?s), a_2,

2,

Depth-averaged suspended sediment transport for eddy diffusion (0.001, 0.2 and 1 m?/s), a_3, b_3,
¢_3) Cumulative erosion deposition (m) for eddy diffusion (0.001, 0.2 and 1 m?/s)

6.2.9. Long-term simulation
All the previous simulations were conducted for 14 days during the flood season for
calibration and analysis; however, the morphology surveys were conducted in August and
December 2012. Therefore, it was essential to calibrate the exact bed-level change model for
this period, although the bed level does not change much during August to November. The
first simulation of this period was conducted using Setup-J (see Table 6.9), as this was
deemed to be the best model parameterization for the 14-day period analyzed during the
model sensitivity analysis. At the beginning, the cold-start simulation was carried out from
1%t August to 1% October 2012. In this period, both morphological factor (Morfac) and (Bed)
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parameters were equal to one. Based on the results, which included both changes in bed level
and bed composition, the second simulation, from October to November, and third simulation
from November to December, were carried out. The entire simulation was then repeated
using the preferred parameter values for the Morfac and Bed parameters. Sensitivity to the
Morfac factor was explained in Section 6.2.5. The Bed parameter works as a calibration
factor for the bed load transport equation, with the calculated bed load transport multiplied by
the Bed factor. For example, if the bed transport rate is equal to 0.02kg/m/s, it will be
changed to 0.2kgm/s. Kasvi et al. (2015) calibrated their model by reducing Bed from 1 to
0.7 to match the bed-load transport rate measured in the field. Figure (6.16) shows the results
of four different simulations. In the first column of each cross-section, during the entire four-
month simulation the Morfac and Bed factors were equal to one (Table 6.9, Setup-J). The
second column shows a simulation with the same model parameterization except that a time
series Morfac factor is applied (Table 6.9, Setup-L), as shown in Figure (6.16, K). In the
third column model setup, the Bed parameter was changed to 10 for the period November to
December, while the other parameters remained as in the first column setup (Table 6.9
Setup-K). In the fourth column (Table 6.9, Setup-M), both Bed=10 and the Morfac time
series were applied. In the last column, the observation data are shown. Although the bed-
load transport rate was not measured, the predicted versus observed bed morphology at the
end of the simulation period can be used to evaluate the reliability of the morphodynamic
model. It is clear from the results that a change in morphology is not estimated without
changing the Bed parameter. In addition, the morphological factor plays an important role in
estimating the change that occurs in the bed during the flood period. Both parameters
together increase the deposition rate in the whole reach. In other words, the model results in
the fourth column show that most of the deposition was estimated because of transporting the
bed load from upstream. For instance, in the third simulation (Setup-K), deposition can be
seen at the left side of both cross-sections (DFL1920, Figure 6.16, (I_3) and DFL2000,
Figure 6.16, (J_3)); however, in the fourth simulation (Setup-M), the deposition in DFL2000,
(Figure 6.16 (J_4)) decreased in and passed to downstream of section DFL1920 (Figure 6.16,
(1_4)). To some extent, it can be said that this interpretation is correct because during this
season the flushing period occurred, which means that the water level downstream decreased.
It has been seen that all the deposition occurred during the second flood period when the
water level downstream dropped by 1.5m.

Due to the absence of cross-section morphology data, the comparison between the model and
observation data can be done only by visualization without finding any error percentage.

It can be seen that for some parts of the sections, the model results are not compatible with
the field observations. For instance, in the middle of cross-section DFL1300 (Figure 6.16,
a_4), deposition was observed in the field, and this deposition by the model result of fourth
column is slightly lower. This underestimation in deposition occurred also at the left side of
DFL1610 (Figure 6.16, e_4) and at the middle of DFL1510 (Figure 6.16, c_4). However, the
deposition estimation at the left side of DFL 1910 (Figure 6.16, h_4) and DFL1920 (Figure
6.16, 1_4) is almost compatible with the field observations. Furthermore, in general the
erosion zones identified in all cross-sections are quite well matched with the observation data.
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In contrast to Kasvi et. al. (2015-b) and in agreement with Nicholas (2003), inclusion of the
secondary model flow in the 2D model decreased model estimation. This may have occurred
due to the radius of curvature, which has an influence on the velocity profile across a river
bend.

The prediction of bed load and suspended load by both Van Rijn models (1984 and 1993)
were almost the same when the reference height of the 1984 model was 0.01m. Despite a
large difference in the near-bed reference concentrations, the predicted suspended sediment
transport rates were almost the same in both equations. According to Van Rijn (2007) study
on multiple rivers and flumes, the near-bed concentration is estimated to be in the range 0.5-
50kg/m? for depth-averaged velocity, reference height, and particle size of 2.5m/s, 0.1, and 8-
200um respectively. This range of values is more compatible with Van Rijn’s (1993) results.

The two slope formulae that were applied in this model sensitivity analysis were developed
based on different concepts. The Bagnold formula accounts only for bed load transport. In
this approach, the bed load transport is dominated by gravity, and it gives only a minor role to
turbulence on bed load trajectory (Van Rijn, 1987). In contrast, the Koch formula was
developed for meandering rivers with the presence of suspended sediment. This formula
places emphasis on the influence of spiral flow and bed slope in determining the direction of
bed load transport (Talmon et al., 1995). The sensitivity analysis demonstrated that although
only a slight change could be detected between the slope formulae results when the bed load
transport is low, the results of the Koch formula are more representative of what happens in
reality when the bed load increases. We can compare this with other Delft3D
morphodynamic meandering river models. Kasvi et al. (2015-a) applied only the default
formula (Bagnold formula), and suspended load was not dominant in his model. However,
he decreased the transverse slope coefficient (AlfaBn) to zero to reduce pool filling at the
bend. To some extent, we obtained similar results at the left side of the downstream hole;
some scour was estimated, but no erosion was produced at the outer bend. In addition, it
produced erosion upstream, which is not representative of the field observations.

Similar to Kasvi et al. (2015-a; 2015-b), in this study the Delft3D model required a spatially
distributed bed material grain size to predict morphological changes along the river. The
morphology prediction became higher when small grain size are applied in the outer bend and
on downstream areas with higher depth. Kasvi et al. (2015-b) conducted a study on multiple
meandering rivers, and made extensive measurements of the sediment size distribution in the
bend zone. They found that in most meandering rivers, larger grain sizes are located at the
point bars. They explained that only during flooding does most deposition occur in the inner
bed, which was due to high bed load transport compared to suspended load transport. The
predicted bed load transport, suspended transport, and deposition time series at the point bar
in this study are compatible with the observations of (Kasvi et al., 2015) in meandering
rivers. To some point, this may prove our hypothesis that finer sediment is located at the
outer bank.

74



This study shows that the critical shear stress of deposition only has an influence when the
velocity is low or negative. This result is obtained from (Equation 3.17). This result is
compatible with Maa’s (2008) study in which the critical shear stress of deposition was only
dominant in the circulation zone with low bed shear stress. This means that Winterwerp’s
(2007) study, which suggested that deposition of sediment is only controlled by concentration
and settling velocity, is only valid when the flow rate is high. In addition, Yuanita’s (2008)
study on modeling sediment transport in an estuary showed that an increase in critical shear
stress of erosion resulted in increasing deposition. Similar results are found in the present
study (Section 6.2.7).
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7. Estimating Sediment Transport for 1 Year

The morphodynamic of the study reach was evaluated over a one-year simulation, between
August 2012 and August 2013. The model setup and results for the period between August
and December 2012 were presented in Section 6.2.9. Based on these results, two hot-start
simulations were conducted in series. First, a simulation was done between December2012
and April 2013, with a second simulation between April 2013 and August 2013. For each
simulation, only the boundary condition changed depending on the collected data shown in
Section 4.2.1.

In the model, to obtain the bed load transport that enters and leaves, two cross-sections were
put laterally across the river, one after the inlet and one before the outlet. In these cross-
sections, the accumulated bed load transport was recorded during the simulation.

In Figure (7.1), which shows the bed load transport for three non-cohesive fractions at the
inlet and outlet, monthly results represent the accumulated sediment transport for each month.
For example, (1-September-12) represents the accumulated sediment transport from 1%
August to 1% September. At the inlet, the maximum rate of bed load transport was predicted
for the November flood period. In addition, in a few other months like September, May, and
July, some bed load transport was estimated at the inlet. By comparing this with the
hydrograph at the inlet, it can be seen that bed load was dominant when the discharge flux
was higher than 400m3s. Bed load transport at the outlet showed that only during the
flooding season was bed load transported toward the reservoir. In the other months, the bed
load in the model remained in this reach, as shown in the difference between the inlet and
outlet in Figure (7.2). Furthermore, this figure also shows that, by comparing all non-
cohesive fractions, the fraction with the greatest mass remaining in this reach was the
0.22mm size class.
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In Figures 7.3 and 7.4-a, b, depending on the grain size distribution measurement at the inlet,
non-cohesive suspended sediment entered the model domain in all months except the winter
season, whereas cohesive sediment was high in all months. At the outlet, non-cohesive
suspended transport was dominant only in November, which means that most of the non-
cohesive sediment remained in this reach during the other months. On the other hand, the
rate of cohesive transport toward the reservoir was higher than for non-cohesive transport.
Furthermore, in Figure (7.5), which shows the difference between the inlet and outlet, it can
be seen that only sediment 29 (0.039mm) had large negative values; i.e., this size fraction
was entrained from the bed and transported out of the reach. However, in the winter season
even this grain size was not transported.

Figure (7.6) shows that the outlet suspended sediment in most months was cohesive
sediment. In another words, all the non-cohesive suspended sediment fractions that came
into this reach mostly remained in this reach and were not transported downstream.

In Figure (7.7), it can be seen that in all months except September 2012 and July 2013, the
sediment transport at the outlet was slightly higher compared to the sediment transport at the
inlet. This suggests a net erosion over the model domain during the one-year simulation. In
addition, the overall sediment results for the one-year simulation (Figure 7.8) show that the
sediments that remained in the reach are from the bed load, which would be non-cohesive
sediments. Furthermore, the suspended load at the outlet was slightly higher compared to the
inlet due to the cohesive sediment available in the bed.

79



(ST0Z-2T0Z) SYIUOW ZT 104 SUOIIRI) 831U JO 19]IN0 puR 18Ul Je Lodsurl) peoj papuadsng aAlsayoD uoN (£°2) ainbiq

(yyuowr)swury,
£I-8uv-1 €TIne1 gr-unp-g ET-LeN-1 er-1dy-1 EI-TEIN-T £1-924-1 gr-uer-| TI-Ra1 TI-AON-T IPRO1 T1-des-1
— , _ , _ _ — - 0 7 00+40°0
TO+HT 90-d'c TO-H'1T ,_ 00+d°'0 00+d°€ 7 00+4°0 10-H'L 00+4'0 00+H0 | 00+H°0 00+H'0 _ 00+4°0 00+5°0 7 00+H'0 sO0-d'6 _, 00+3°0 .No+m.~ 00+3°'1 700...m_.m 10+T°€ 7oo+m.m
. T0+d'S
| _ , _ , 0+T'L _ _
10-9'% 00+d°0 re-das I#T9 00+H0 00+d°0 00470 ! e ) )
00+3°0 [o+de 00+T°€ £O+T0°T
0+d'¢
£O+A0°F
£0+T0°9
£0+30°8
wwGL00 =
PO+AO T
wugs 1o ™
PO+AT T
gz om
u1/yjuou,/uoy PO+
PO+HAF T
(£T0T-T107)-1PPNO-2AIS9Y 0D uou-papuddsng
€r-Sny-1 grme-i grunf-g E€T-AeIN-T er-dv-1 EI-TEIACT [ X gruer-| 2RIt TI-AON-T (A {0t T1-deg
. — ~T70+TE ) ~ N R § -— T TO+HO'T
- mﬂm 70+T€ Im_ orae o | 70T 04T 10+3°8 = T e 1mo+m.m - _i?m.m
0+ L | €0+d'8 . 4
T0+H L . 0+dS PO+ET |
0+d8 PO | 8+,m.m [0+51 0+T6 T0+dE B
£ FO+IT
FO+E'E vo+d'e .
—id FO+AOY
¥0+30°9
Y0+d0°8
wugL) 0 = SO+H0'T
wgsI o =
SO+HATT
SO+’
wa)gTom
u/juoul/uo) SO+AF' T

(€£10Z-710D)191U-(3A1S9g0HuoN ) udWIPIs papuddsng

80



(£T02-2T0Z) Syow ZT 40J SUOIIRIY 934Y) JO 13]IN0 puk 13|ul Je 1odsuel) peoj papuadsng aAlsayo) (e-#°2) ainbi4

(Quow)ourry,

£1-8nv-1 et erunf- ET-AeINT e1-1dv-1 ET-IBINCT £ AT er-uer-|[ Rat TI-AONTT iPoI zr-dog1

-1 B
PO+H'T _

| FO+HES p0+Eg
PO+E'E | yo-EL
POHTL

wws/ 000 =

- - 1 . 1 . .| e ]
. TO+TL | TO+E'S TO+E'S | TO+TP Z0+TF |T0+T€  £0+H7T :
PO+ET . . PO+H , | f oy
v0+ag VO+H | , |
. o oum PO+IT £0+3T 048 20499 £0+TE
FO+E PO+E'T
| SO+ET S0+3T
I
S0+a'T
. SO+HY
wweIoom

SO+EF

HeEo0E w/yuow/uo)

-2A1SaY0))-papuadsng-japnQ

FO+AE
I

- 00+H30°0

'3&.« FO+Ha0S

v
SO+A0'T
SO+AS'T
SO+ANT
SOHAST
SO+HA0E
SO+AS'E

SO+H0F

SO+HASF

£1-50y-1 €11 £runp- ET-KeIN-T e1-1dy-1 ET-TEIN-T €100 T [ARLL] i 8 TIRaI TI-AON-T I PoI T1-dog1

|
. w0+d6 .
€0+HT T0+d°9 co+TE

||| |_|| | I
.‘. - I'. TO+IL | TO+E'6 TO+A'9 | TOHA'L TO+EE | TOHH'S §0+HT | £0+HT
PO+ poearg P posa

| O e |

_ FO+ET

voimqﬂvfm.m - 0+
PO+ES

vO+d'€ !
[ ¥0+d9

PO+TL

1
FO+H'T ,
PO+ T

S0+TT

wws/ 000 =

WwsTo'0 ™

SO+H'Y

WweeQ0 W UI/T)UOUI/ 0}
JUIWIPIS IAISIY0))-papuadsng-jo[uy

00+30°0
-_.m

et L1 RaC (B9
SO+I0T
SOHAST
S0+30°T
SO+AS'T
S0+A0E

SO+HISE

S0+I0Y

81



(£T0Z-2T0Z) SYuowW ZT 40} suoloel) 9a1y) JO 19]3N0 pue 18|ul 1e Lodsuel) peoj papuadsng aAIsayo) (g-1°2) ainbi-

€I-8nv-1 €1 gr-unp| mT?EA er-1dv-1
- vo+m I PO PO+
YO+ ¥ mo+m I
PO+H o o PO+ET
| s S0+
Co+d'T
wws/o00m
wweTOo oM™
wwee0'0om
£I-8nv-1 grne1 grunpg ET-AeIN T er-1dv-T
| AT
3+m xrmm 3 . PO+ f b0+TT
H- .
E0+A'T
8+m € P
3+m T
v?m.q
041
wwszo000m
wwesIO oMW
wweg0'om

(qyuotm)ouy,

EI-TRINCT €131 cr-uer-

EI.m - T0+4d" h N?rm € 0+dS ,_ W+HY T0+d'¥ 7No+m € m?m.ﬁ‘m?rm.w
|

0+d'6 TO+H" c _ No+m L TO+H'E

70+T8 70+T9 £+de
w/gjuow/uoy
-3AISaY[0)-papuadsng-1apnQ
ET-TEIN T €T AT £Tuer 1

w+d's m?rm T mc+m T

Nc+m.a -
°0+d9 c0-TE

I/ uou;/uo)

JUAWIPAS JAISIY0))-papuadsng-ja[uy

R at

S0+dY

Rat

SO+HY

TIFAONTT

FO+H N.

3+m £

TI-AONT

- |
AT e

PO+d'E

I RoI

FO+T'S

IR0 T :&f

| oL
FOHEL

- - wotm m
q?m.m FO+HS g+m.q

s 1

!

[ po+To

POHL

PO+ T

00+30°0

YO+A0'S

SO+H0'T

SO+UAS'T

SO0+H0'T

SO+AS'T

SO0+H0'E

SO+AS'E

SO+H0F

SO+ASF

00+40°0

POHAO’S

SOHHOT

SOHAST

SOHA0T

SO+HS'T

SO+HO'E

SO+HSE

SO0+HOF

82



SUuOW ZT J0J SUOIDRIL 83JU) JO 13[IN0 pue 13]ul (BAISAL0I-UOU+3AISAL02) pro| papuadsng usamiag aouataylq (g2) ainbi-

ET-SnV-T €TInfT erunpg ET-ACINT £T-1dv-T E€T-TeAT €T T €T e R al TI-AONT irol T1-das 1
r0+d'8"
FO+a'L-
wwis/00°0 »
wweto0om
Wwee0'0m
=

HorTE
YT
PO+ T-
4 £0+T0-
€0+g - e T0+IL c0+a oL
= PR e

p— R~
|

0+6 | W0+3T W0+3T 0+ 10+°€ | Zo+Ay 10+HT ,_ w0eme _ T0+ET  T0+A'T o S+m.@|,_ W+aT I
£0+TT 10+ 10+8 104872 s s
(vu/ypuow/uoy)
3A19Y0)) papuadsng (}opnQ-19[U])-IWIJI
€1-ny-T €11 grung-r ET-KeN-T er-1dv-T ET-TEINT £ T eTuef| 1RaI TI-AONT oI TS T
-m. LR Jmﬂm M Toeme vovmz | comv cosat 7 T0-AE 10+T3 _, 097 72000 | 00+F€ ]Imfm.m lﬂm@ ,,_ 10+8F
VAR £0+E§ , ] 0+ ,
| e 0+ 20448 1097 101 0 e s0:as | O e
04 PO-aT W0+6
PO+ET
PO+E'E
PO+TE
0+8°E
w0 =
WwgsT () |
oz m S0+T'T
(w/qyuou/uoy)

JAISIY0IUOU-pPIpuAdsns (JapNO - J2[UI) NWRJI(

F0+d0°6~

F0+d0°8-

PO+A0°L-

F0+d0°9-

PO+HHOS

PO+A0P-

PO+HHOE

POHHOT

FOHHOT-

00+30°0

FO+A0'T

00+30°0

$0+30°T

P0+A0Y

$0+d0°9

70+d0°8

SO+A0'T

SO+ATT

83



9AISBY02-UOU pUe SAIS8L0D JO 18] 1N0 pue 19]ul 1e (UoIJR1) [[2 JO Uoljewlwns) Juawipas papuadsns [e101 (9°7) ainbi-

(yuou)ouy,
€1-50y-1 €Ing-1 frrunfy  EANT €dVT EINT €T TR T-RET
| . | . e —
E0+L'T £0+TT :
3& § . e $O+EY weasTe | | ,_ | o
S0+T'T L ,
i _ oLzt £0+A1E'3
£0+d'E
YO+d9L°S :
SO+AF9T FO+H08°L (0-aT
SO+HEE ST
ETI1T9Y | S0+d'6
SO+HEL'S
1.
w/qjuont/uoy
(3A159710))yudwIpas papuadsng [v)0]L
TSy ETIET erunpr  ETAeW T MV ETEWT €T9AT ETWELT Z1RAT
_ OIS 6 00+858°C roaoT e, oosdopo | 00+H000 | 00+3000 | S0-66°8 —
T0+350° £0+T'9 . , , lo+3'8 0eTOLT
FO+E'T T0+d'T 0+d'T T0+d9
Po+a'S
PppO = S0+HT
WL m
w/yuowi/uoy

(aA1sagoHuoN ) uawmIpas papuadsng [e)oL.

CI-AON-T -Po1 T1-dos-1
H0+I0E 6 3+m ‘ - - mfm !
m?mmo I
SOIST (/o
TI-AONT POl zr-das 1
Z0+a1T T . [ -
0+av0
06 - 10+8LT°€ p0+'T
PO+TE

00+30°0

SO+H0°T

SO+HO'Y

S0+H0°9

S0+H0°8

90+H0°T

90+AT'T

00+30°0

Yo+30°¢

S0+30°T

SO+AS'T

S0+30°T

S0+3AS'T

84



13]1N0 pue 18]ul Je (peo] papuadsns +peo| pag) 1odsue.) JuswIpasS [e1o] (2°2) ainbiq

(puounr)duury,
€1-8nv-1 €111 grunp-g ET-AeIN-T er-udv-1 EI-TEIN-T 19241 €T-uef-T I RaI TI-AONT I Pro1 1-das 1
%+m£ 6 - c+mwm w8+m$ v soasre ST vovage c+m$ I -
0+HE1T COLTbCT ) $0+98°1 - +m%m%+ awoe
SL@@ | e SorHToE
Bt SO+HESTT S0+ A0S 1 CO+ESH T SO0+H69°€
8+m~w €
SO+PE'S
90+8V6'T
PO = 90+°96'T
U=
w/qjuon/gu
(peoT papuadsng+peo pag)IudWIPasS [e)o],

00+100°0

SO+HO00'S

90+H00°T

90+H0s°T

90+400°T

90+10s°T

85



Total Sediment(Bed Load,Suspended Load)

m3/year/m

4.5E+06
4 OF+06 R 3.89]|5+06 ® Inlet = Qutlet o L or 06
3.5E+06
3.0E+06
2.5E+06
2.0E+06
1.5E+06
3.0E-+04 3.09E+04
3.5E+02 3.51E+02
0.0E+00 -

Suspended Load Bed Load Total Load

Figure (7.8) Total load, suspended load, and bed load totals for one year (2012-
2013)
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8. Flushing Analysis

Water level management, or in other words gate opening management, plays a major role in
gaining back the capacity of the reservoir and the river during flood periods. As is shown in
Figure (8.1), in 2012 the river passed through two peak floods, on 5" - 6" November and 12"
- 13" November. In the first peak, the rate of concentration was high in the reach (7-8kg/m?®),
whereas in the second peak the concentration was almost half of the first. Looking at water
level, it can be seen that only one effective flushing during the second peak occurred. This
type of flushing can be categorized as “flood flushing”, as defined in Section 2.3. The period
of flushing is divided into three sub-periods: 1) period of lowering the water level before
starting flooding (emptying the reservoir); 2) period of flushing sediment, which starts from
peak flood until the time the water level curve goes up; and 3) period of filling up the
reservoir. These sub-periods are shown clearly in Figure (8.1).

In this analysis, in the first flood peak, the water level downstream was changed in order to
find its influence on the amount of sediment transport toward the reservoir and to determine
its influence on bed level change in this reach. The water level was modified in four ways, as
shown in Figure (8.1). For each modified water level, the accumulated erosion and
deposition from 1% Nov to the end of the first peak (8" November) and second peak (18th
November) are shown in Figure (8.2). It has to be mentioned that this simulation was
conducted on bed composition from the simulation results for 1% August to1® November
2012 and model setup in Section 6.2.9. Furthermore, the change in water level may produce
some changes in the upstream boundary discharge flux in reality, but in this simulation this
change was ignored, which means the same flux was used for all the simulations (Figure 8.2).

Looking at the cumulative erosion-deposition on 8" Nov, when applying Trial-1, overall the
rate of erosion slightly increased (compare Figure 8.2, a 1 and b_1). For example, the
amount of sediment deposited near the inlet decreased because it was transported
downstream. This increased the amount of deposited sediment at the middle of both the bend
cross-section (DFL1710) and downstream (DFL1300, DFL1400).

From comparing the results of Trial-1 and Trial-2, it can be seen the same amount of erosion
and deposition estimated in 8th Nov (Figure 8.2, b_1 and c¢_1). This occurred because when
the flux reached the peak, the water levels of both trials were the same. The difference
between these two trials was the starting time for lowering the water level, and the level of
water before starting the flood. In other words, the duration of emptying the reservoir was
equal to 1 day and 2 days for Trial-1 and Trial-2 respectively (Figure 8.1). Also, the lower
the water level in the reservoir before the flood peak, the more effective flushing will be (Fan
and Morris, 1992). In addition, comparing the accumulated sediment transport in Figure (8.3,
c) shows that the rates of sediment transported as bed load in the model for Trial-1 and Trial-
2 were the same. This shows that the amount of sediment eroded from the reach and
transported toward the reservoir would not be affected by lowering the water level in the
reservoir before the start of the flooding.
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The second essential analysis was on the influence of the duration the water level remained
low after starting the flood. For this purpose, the water level was modified in Trials-3 and -4,
as shown in Figure (8.1). The water level remained low for one day and for half a day for
Trials- 3 and -4 respectively after starting the peak flood. The accumulated erosion-
deposition in Trial-3 was slightly higher. For instance, the deposition was higher in
downstream at the middle for DFL 1300 and DFL1400 and at the inner bend zone compared
to Trial-4 (Figure 8.2, d_1 and e_1). The accumulated bed load transport at the outlet for
Trial-3 was higher compared to Trial-4, and the difference between inlet and outlet of Trial-3
is higher (Figure 8.3, ¢ and e). This means that Trial-3 produced more sediment
accumulation in this reach. This result shows the longer the gate is open after the peak, the
more the change in bed level in the reach, and bed load transport toward the reservoir is
expected. However, the rate of discharge at the inlet may have an influence.

In conclusion, the above analysis shows that the duration of lowering the water level at the
hydropower plant before flooding might not produce significant changes in sediment flushing
in the river reach upstream of the reservoir, at least for the limited duration examined herein.
However, it should be recognized that it might make a difference in the reservoir itself
because decreasing the volume of water in the reservoir may produce more effective flushing
from the reservoir during flooding. On the other hand, the duration of lowering the water
level after the flood peak made more difference in bed level in the reach and probably in the
reservoir, depending on the water level in the reservoir.
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9. Part-2, Extended Reach

The historical bathymetry measurements in Figure (9.1) show that after constructing the
hydropower plant in 1968, the river morphology changed significantly. The depth reduction
reached about 10m in most sections, especially in those sections near the reservoir. In many
rivers, when navigation is desired, groynes are constructed. However, navigation in this river
is rare due to the hydropower plants. Nevertheless, decreasing the water depth will have a
significant impact on the water supply to the reservoir and on the river’s morphology.
Therefore, in this section, the impact of groyne structures on river morphology and sediment
transport toward the reservoir were studied. Although groyne construction goes back many
centuries, hydrodynamic and sediment exchange prediction in the groyne zone is still under
development. Many studies have been conducted in both field and laboratory scales to
understand the physical characteristics and to develop new criteria in groyne design. Most of
these standards have been summarised in Section (2.4). In this study, some of these design
criteria were modelled at both flume and river scales. However, each design has different
physical characteristics that need to be predicted accurately. Therefore, to validate the
model’s predictions (hydrodynamic), two previous flume experiments were modelled. The
first flume experiment was conducted for a single groyne with various heads, and the second
experiment was carried out for a group of groynes. In both experiments, the groynes were
impermeable and angled at 90 degrees to the bank. At the river scale, both hydrodynamics
and sediment transport between groynes were studied. This included the difference between
emerged and submerged groynes, the influence of groyne head shape and aspect ratio on
sediment supply to the groyne zone, and entrainment around the groynes and in the main
stream.

It is important to mention that there have been only limited previous studies of Delft3D
application in modeling groynes in a river reach. In Yossef (2005) thesis, Delft3D (two-
dimensional) was applied to model both the hydrodynamics and sediment exchange of a
groyne zone in a river for an emerged case and one non-cohesive fraction. His thesis
conclusions stated that Delft3D is only capable of predicting part of the hydrodynamic
characteristics. For example, turbulence in the mixing layer was not estimated correctly. The
results showed sediment accumulation only near the head of the groynes, and morphology
change inside the groyne zone was not estimated. According to his interpretation, this
shortcoming went back to both the sediment transport formula and underestimation of
turbulence in the mixing zone. In Stive (2010) study, Delft3D was applied to model groynes
in a coastal area. In his model, a thin dam represented the groynes. This thin dam does not
have thickness and in its appearance looks the same as a weir but it does not account for the
loss of energy like in applying weirs. He concluded that both the hydrodynamics and
sediment dynamics were modelled successfully.
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9.2. Model Setup
9.2.1. Domain

The previous grid’s (Part_1) reach was extended toward the entrance of the reservoir, as
mentioned before. Horizontally, the grid was divided into 13240 cells. The reason for
implementing the coarser grid was to save computation time (Figure 9.2).

<
4U/S-Study Area

Grid Area (m?)

D/S-Study area &

)

N

Image © 20‘;6 DigitalGlobe )
J/Google Earth

Imagery Date: 8/27/2015 lat 46.539795° lon 14.108451° elev 480 m eyealt 3.25 km

Figure (9.2) Grid of the study area (Part 2)

9.2.2 Bathymetry
The bathymetry was prepared using both the meandering side-scan survey and the single
beam cross-section (DFL 1200-DFL700) from 2014 survey, as shown in Figure (9.3).

The initial conditions and time step were set as in the previous model setup, described in
Section 6. At the boundary, for hydrodynamic validation, the steady state data from (Section
5.2) were implemented. For morphodynamic simulation, the unsteady state data of 14 days
(39 Novmber-18" November 2012) were implemented.
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9.2 Model Assessment without Groynes
9.2.1. Hydrodynamic Validation

From the previous hydrodynamic sensitivity analysis results in Section 6.1, horizontal eddy
viscosity (0.1m?/s) and spatial roughness (0.025 and 0.04) ™1/ at the main channel and near
the bank respectively were implemented in this reach. Because of the absence of velocity
measurements in the downstream reach, only the meandering part was validated (DFL1920-
DFL1400). Table 9.2 shows the error percentage at eight cross- sections of the steady state
simulation for two different discharges. The results of hydrodynamic simulation are shown
in Figure 9.4.

Table (9.2) 8 cross- sections, 2D simulation, secondary model excluded, viscosity (0.1m?/s),
spatial roughness as in Run2

Roughness Velocity R? MAE RMSE
| Flux 390m%/s- U(VX) 0.813 0.040 0.057
T | Secondary flow model V(Vy) 0.950 0.0329 0.043
x R=V(U%+V?) 0.7813 0.043 0.058
1| Flux 420 m3/s- U(Vx) 0.863 0.045 0.061
% secondary flow model V(Vy) 0.949 0.040 0.053
@ | excluded R=V(UZV?) 0.809 0.053 0.067
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Figure (9.5) shows the model estimation at the bend cross-section (DFL1710). Unlike the
results for the previous reach in Section 6, the reversed flow at the outer bank was not
estimated by either flux (390m3%/s or 420m3/s). This underestimation may be related to the
coarseness of the grid compared to the previous grid, particularly at the outer bank zone.
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9.2.3. Morphodynamic

Bed Composition

The bed composition in the meandering part depended on the bed composition obtained from
the last model simulation results of the one-year (2012-2013) simulation in Section7. For

downstream of the meandering reach to the entrance of the reservoir, the bed composition is
shown in Table 9.1.

Table (9.1) Bed composition downstream of the meandering reach

Layer Thick | Sediment | Sediment | Sediment | Sediment | Sediment | Sediment
(m) G3 03 12 29 34 22
Active Layer 4 40% 30% 30% 0 0 0
Base layer 5 100% 0 0 0 0 0

Before proceeding with the application of groynes to the river reach, it was essential to
conduct several validations. Two flume experiments validated the 2D weir structure that
represents the groynes in this model.
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9.3. 2D-weir Validation

In most groyne applications in numerical models, groynes are included in the bathymetry
setup. However, in this study, groynes were represented as a 2D-weir, which is one of the
hydraulic structures in Delft3D that were described in Section 2.4. It was essential to validate
this structure before proceeding with its application to the river reach. Two previous flume
experiments had contributions in this validation. The first flume test was conducted by
Safarzadeh et al. (2016) to look at flow patterns around single groynes with various heads.
The second experiment was carried out by Uijttewaal, et al. (2001), who studied the flow
pattern around a group of emerged groynes.

9.3.1. First Flume test
9.3.1.1 Experiment Description

The experiment was conducted in a glass flume (L=11m, w=1m) with a bed slope of 0.00033.
The water depth and flow rate at the inlet of the model were equal to 0.148m and 60 I/s
respectively. In this experiment, three kinds of groyne were tested individually: straight
(SD), short T-head (TH) and long T-head (TF), as shown in Figure (9.6). ADV (Nortek AS
2006) -10 MHz down looking with an accuracy of 0.5% and measuring frequency of 200Hz
was used for the velocity measurements. The measurement points are shown in Figure (9.7),
and for the SD groynes experiment included 7 sections upstream, one at the groynes, and 12
sections downstream of the groynes, with 15 points in the transverse direction for each
section. Safarzadeh et al. (2016) looked at the following:

1. Flow characteristics around straight and T-head groynes at different cross-sections
vertically

2. The influence of T-head groynes on HSL (horseshoe vortex system) and SDL (dynamic
detached shear layer)

3. The impact of the head length on flow characteristics around the groyne zone

| 1.0m | 2.35m , 11.0m ‘
T T T '
} 8.0m } Flap Weir
4| _| Guide vanes = ——X
Ezn m //___ 1.0 m TY T Groyne
O T T
l I_' A Gla:
0 - I Model L{cm) L’(cm) — E
- SD 15 - 2 1000mm
Top View TH 15 75 L L Plexiglass
TF 15 15 |
Floating Plate Straight T-shape Cross section

Side Transition u ” Vi I 27 4 I
Head i

Flow meter i
Side view Underlying Tank

Figure (9.6) Experiment setup of flume experiment-1(Safarzadeh et al., 2016)
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Figure (9.7) Top -measurement points in the flume in the stream-wise and transverse directions;
and bottom -some parameters of flow characteristic around groyne (from Safarzadeh et al., 2016)
In this experiment, velocity was measured at a distance (Z/H=0.57 and Z/H=0.03) above the
bed. The unit less distance from the groynes to the location that stream-wise velocity is equal
to zero was addressed as (Xr/L). L: represent groynes length, Velocity magnitude

(U=vu? + v2 + w?), Uin: inlet velocity (m/s), U/Uin: unit less velocity
9.3.1.2 Model Setup for the Experiment

The same size of flume was made with a grid cell size of 0.05x0.02m. Figure (9.8) shows the
water depth in the flume without groynes.

water depth (m)
06-Oct-2016 00:00:00

6 8 10 12

| | |
0.14 0141 0.142 0.143 0.144 0.145 0.146 0.147

Figure (9.8) Modeled water depth of the first experiment
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A 2D-weir, which represents the groynes, was placed at a distance of 8m in the stream-wise
direction (x) from the inlet of the flume, as conducted in the experiment. The head width of
the TH was 0.075m, but in the model this was changed to 0.1m because of the grid size. In
addition, in the experiment, the TF head (0.15 m) was divided equally on both sides, but in
the model the right-side length was 0.1m and the left side was 0.05m, as shown in (Figure
9.9).

temporarily inactive velocity points
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Figure (9.9) Model straight groynes (SD), short T-head groynes (TH), and long T-head groynes (TF).

To satisfy the Courant number condition, a time step of 0.001min was applied. Depending on
the experiment, at the inlet and outlet of the flume, a flux of 0.06m%s and water level of -
0.009m were implemented respectively. These boundary conditions produced a water depth
of 0.148m at the inlet of the model. Regarding the physical parameters, after trying several
horizontal eddy viscosity values it was concluded that 0.003m?/s could satisfy the experiment
condition to obtain a depth-averaged velocity of 0.41m/s and Froude number of 0.35 at the
inlet of the flume. In addition, a Manning-roughness of 0.01sm™® was implemented.
Furthermore, numerically, in solving the advection of momentum equation, the cyclic scheme
was utilized.

Two simulations were carried out; in the first case, (Setup#1) HLES, Horizontal Large Eddy
Viscosity was excluded, but in the second case, (Setup#2) HLES was included in the
simulation.
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8.3.1.3. Model —Experiment Results

According to the experiment results at depth Z/H=0.57, the value of Xr/L for SD groynes was
higher than for the TH and TF groynes by ranges of 1.9L=0.285m and 4.4L=0.66m
respectively. The modeled experiment shows that the Xr/L of SD was longer than for TH
and TF by ranges of 0.65m and 0.7m respectively. Figure (9.10) shows that the velocity
vectors were almost the same as in the physical test.

In the experiment, values of U/Uin less than 0.32 represented the circulation zone, with a blue
color in Figure (9.11). Comparison with the model results for the SD groyne showed that the
model prediction of this circulation zone length was almost the same. The difference
between the model and the experiment was 0.5L. However, in the case of TH and TF, this
difference was increased to 2.6L and 1.25L respectively. Furthermore, the experiment results
showed that changing the groyne head produced the same unit less velocity (1.7). The only
difference between the groynes was the shape of velocity propagation from the head of the
groynes (Figure 9.11). On the other hand, in Figure (9.12-A), although the model results
showed almost the same shape of penetrated velocity, the magnitude of the unit less velocity
depended on the groyne head.

For example, for SD, the highest value of U/Uin was 1.6, which occurred downstream of the
groynes and at the tip of the groynes. For TH and TF, the highest unit less velocities were
1.72, and 1.75 respectively at the tip of the groynes, but the penetrated downstream velocity
was less.

Including HLES in the simulation resulted in a slightly higher velocity of the penetrated
velocity at the head of the groynes. In addition, the length of (Xr) was longer (Figure 9.12-
B).
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depth averaged velocity, magnitude (m/s)
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Figure (9.12) Average velocity magnitude for Setup#1 (A-HLES excluded for (SD, TH and TF)
groynes, B- Setup#2, HLES included for SD groyne
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9.3.2. Second Flume Test

This study was conducted with a flume size of w=3m and L=20m, as shown in Figure (9.13).
On one side of the flume, the depth was shallower compared to the rest of the flume. The
entrance and outlet width of the flow were 2.25m. The remaining width (0.75m) was dry for
a distance of 5m from the inlet and 5m at the end of the flume in the stream-wise direction.
A series of groynes was assigned in the intervening length (10m), and two different groyne
embayment aspect ratios were examined. In the first setup, the aspect ratio between all the
groynes was L¢/L=0.7, and in the second setup the aspect ratio was changed to 0.3.

Lg= groyne length, Ly=space between groynes

20m Cross sectional view

peeac]

: w=75 cm
Frontal view

of groyne

5m [=225m —

Figure (9.13) Second flume setup from Uijttewaal et al. (2001)

The aim of this study was to show the difference in the flow pattern between the groynes
depending on the aspect ratio. This study was expanded in 2002 by comparing the flow
patterns in the flume with the flow patterns in Elbe River, as shown in Figure (9.22). In
addition, in this river the sediment deposition and scour were measured at the groyne zone, as
shown in Figure (9.25). This study played an important role in validating the morphology
changes between emerged groynes in the current study.
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9.3.2.2 Model Setup for the Second Experiment

The flume experiment was set up with a cell size of 0.25x0.05m. The first groyne was set at
a distance of 7.25m from the inlet of the flume for both aspect ratio simulations, as shown in
Figure (9.14).

water depth (m)
12-0ct-2016 00:00:00

~

y coordinate (m) —
]

L]

0 5 10 15 20 25 30
x coordinate (m) —

_ | | | _
1 | |

0.05 0.06 0.07 0.08 0.09 0.1

Figure (9.14) Water depth and groynes in the second flume before starting simulation

Like the previous flume model, a time step (0.001min) was applied to satisfy the Courant
number condition. In the experiment, the water depth was 0.1m. To obtain this at the inlet
and outlet of the flume, a discharge of 0.079m3%s and water level of -0.009m were
implemented respectively. Regarding the physical parameters, a horizontal eddy viscosity of
0.003m?/s was applied to obtain a depth-averaged velocity of 0.34m/s and Froude number of
0.34 at the inlet of the flume. The other parameters in the model were the same as for the
previous flume model (Setup#1-HLES excluded).

9.3.2.3. Model —Experiment Results

The depth-averaged velocity vector and magnitude of the model results were compared with
the experiment for both aspect ratios. As shown in Figures 9.15 and 9.16, in both the first
and eighth groyne zones for aspect ratio 0.7, the model predictions were almost the same as
the observations. The stream-wise velocity magnitude outside the groyne zone was almost
the same, but the velocities inside the groyne zone were slightly lower compared to the
physical experiment.

However, for aspect ratio 0.3, the model only predicted primary circulation; secondary
circulation was not predicted inside the groyne zone, as shown in Figure (9.17). According to
the laboratory results, the main circulation took 2/3 of the groyne zone, and the smaller
circulation cell appeared at the left side of the groyne zone. The lack of prediction of this
secondary cell may be related to the velocity in the main channel near the groynes.
Uijttewaal et al. (2001) only referred to the velocity at the flume inlet and did not indicate
how much the velocity increased with the presence of groynes in the channel. The model
results (Figure 9.18) showed that the velocity in the main channel near the groyne zone was
higher than the velocity at the flume inlet.

106



depth averaged velocity, magnitude (m/s)
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Figure (9.15) Depth-averaged velocity vector of the model results at left and the experiment results at
right (from Uijttewaal et al., 2001) for aspect ratio 0.7 at the 1% and 8" groyne zones
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depth averaged velocity, magnitude (m/s)
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Figure (9.17) Depth-averaged velocity vector of the model results at left and the experiment results at

right (from Uijttewaal et al., 2001) for aspect ratio 0.3 at the 1% and 4" groyne zones
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Figure (9.18) Depth-averaged velocity in the flume for aspect ratios 0.7 and 0.3
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9.4. Applying groynes to the River (Study Area)

9.4.1. Model Setup
Groyne Structure

In this section, multiple setups are presented. First, multiple setups, differing only in the
groyne elevations, are presented to assess the model for both emerged and submerged
groynes. This is followed by presenting the impact of modifying groyne length and head
shape on the river's hydro-morphodynamic. Whenever possible, these model results were
compared to previous field and laboratory experiments. It is important to mention that in
this study, only groynes with an angle of 90 degrees to the bank were considered.

Groynes_Setup#1

In this setup, the aspect ratio (Lg/L¢) of all the groynes were in range the 0.5-2, except those
that were defined in Zone-1, as shown in Figure (9.19-B). The dimensions of the groynes are
given in Table (9.3). When the groynes were included in the model setup (Section 9.2.3),
their crest elevations (HKRU) had to be defined. In this setup, the crest elevation of all the
groynes was defined at 461.5m, which represents the water level in the normal period.
Depending on the groyne classification (in Section 2.4), this setup could be referred to as
emerged and impermeable groynes in the normal period. It is crucial to mention that the
thickness of the groynes cannot be defined for this structure in Delft3D. Furthermore, it is
essential to mention that in the following model setups the other parameters (Section 9.2.3)
were not modified, and only the groyne setups were changed.

FIOW mlpy

Lt

Figure (9.19-A) The flow pattern example in between groynes of aspect ratio between 0.5-2

111



y coordinate (m) —

-
on
(2]
]

1.56

1.558

1.556

1.554

1.8582

|
5.95 6
X coordinate (m) —

1.392

2.785

4177 5.568

6.962 8.354

9746 11.14

12.53

13.92

6.03 6.04 6.05
x coordinate {m) —

5.99 6

6.01 6.02

Figure (9.19-B) Water depth and groyne locations before starting the simulation
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Table (9.3) Dimensions of impermeable non-submerged groynes

Setup#1 Setup#2
Name Lg(m) Lf(m) Lg/Lf Lg(m) Lf(m) Lg/Lf
L0_1 19 1, 7078 | 0.268 19 70.78 0.268
L0-2 33.38 J . 3338 ]
L1 65 92 0.707 65 92 0.707
L2 95.6 107.57 | 0.889 87.76 107.57 0.816
L3 129.66 88.67 | 1.462 121.66 88.67 1.372
L4 124.3 81.07 | 1533 116.3 81.07 1.435
L5 82 98 0.837 75.5 98 0.770
L6 56.56 . 4126 ]
L7 77.3 142.72 | 0.542 72.3 142.72 0.507
L8 93.5 159.1 | 0.588 87.5 159.1 0.550
L9 145.8 173 0.843 131.8 173 0.762
L10 181.7 152.7 | 1.190 159.7 152.7 1.046
L11 159 156.6 | 1.015 137 156.6 0.875
L12 78.2 o 182 ]

In Setup#1_2 and Setup#1_3, the same setup (#1) was used, with only changes in elevation of
the weir crest. In other words, the groynes were submerged in these setups by lowering the
groyne crests by half a meter and one meter, respectively. In Setup#2, the length of the
groynes was decreased, but the aspect ratio was kept in the range 0.5-2, as shown in Table
(9.3). In setup #3_1, the groyne crest height elevation was changed, as shown in Figure
(9.20), but the aspect ratio remained the same as in Setup#2. Setup#3_2 was the same as
Setup#3_1 except that the elevation of the last segment of groynes was submerged by 0.5m.
In the final setup, the heads of the groynes were modified to L-head, but the elevation
remained the same as in Setup# 3_1.

Groynes_Setup#1, Setup#1_2, Setup#1_3

Groyne\
Groynes_Setup#1

I = Groynes_Setup#l 2
—i

River —LWater Level=461.5m

Bank

0.5m

Groynes_Setup#1 3
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Groyne_Setup#3_1
Level=461.5+1m

< —>
: Level=461.5+0.5m
Bank > 'g
l Level=461.5
I' > V Water Level=461.5m
Groynes \
Level=461.5+1m Groyne_Setup#3_2
< =: Only-Zone3
1
Bank i
l y Water Level=461.5m
Groynes b -
Level=461.5-0.5m
Level=461.5+1m Groyne_Setup#4
| Level=461.5+0.5m
Bank A —

l ‘Level=461.5m

— ~V water Level=461.5m

Groynes

Figure (9.20) Different setups of the groynes in the river model sorted from top to bottom: Setup#1,
Setup#l 2, Setup#l 3, Setup#3 1, Setup#3_2, and Setup #4. The groynes are divided into three
segments with different elevations represented by the colors blue, green and red.
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9.4.2. Model Assessment

Hydrodynamic-Emerged (Setup#1)

Checking the model’s predictions was essential in this large scale. Therefore, the model
results were compared qualitatively with field measurements collected in Elbe River by
Sukhodolov et al., (2002). According to their investigation, when the aspect ratio of the
emerged groynes is in the range 0.5-2, one single eddy is formed. Comparing the depth-
averaged velocity vector of the model results (Figure 9.21) with the Elbe River measurements
(Figure 9.22-a), a similar pattern of circulation was predicted in most of the groyne
embayment.

Zone-2 0 0.05552 0111 01666 02221 0.2776 03331 03886 0.4441 0.4897 0.5552

Figure (9.21) Depth-averaged velocity magnitude (m/s) (background color) and vector on 18" Nov 2012
at the end of the 14-day simulation, Setup#1 (emerged groynes shown in orange) 115



Lg/Lf=0.7 Lg/Lf=0.4

lk— 100 cm/s

® (E, G1...G5) sediment sampling Iocations

—_—
Semis 50 cmis

Figure (9. 22) Mean time velocity vector distribution in the Elbe River: a- Depth-averaged velocity in
one section of the river (known as river-km317), b- velocity in the middle of the water column, and
example of drifter trajectories in section river-km420 (from Sukhodolov et al., 2002)

Quantitatively, for the Elbe River, the velocity in the main channel was 0.5m/s and decreased
to about 0.05m/s in the groyne embayment. In the model results, depending on groyne order
and location in the river, the circulation quantity varied. For example, in Zone-2, the highest
velocity in the main channel was about 0.45m/s, and in the embayment, the velocity was in
the range 0.05-0.1m/s, depending on its order in the groynes zone.

Hydrodynamic -Emerged and Submerged

The second validation was conducted for Setup#l, Setup#l 2 and Setup#l 3, which
represented emerged, submerged (0.5m), and submerged (1m) groynes respectively. The
model results were compared with a flume experiment (Yossef & de Vriend, 2010). Prior to
proceeding to the comparison, a brief description of this study is provided.
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The experimental test was conducted on a rectangular flume, as shown in Figure (9.23). The
bed sediment consisted of sand (Dso=0.164mm). The aspect ratio of the groynes was 0.31.
The thickness of the bed sediment layer varied from 0.125-0.175m in order to maintain the
different levels of submergence of the groynes, as shown in Table (9.4). The exchange of
sediment between the main channel and the groyne zone, suspended sediment concentration,
bed level change, sediment transport, and flow velocity in the embayment were investigated.
Depth-averaged velocity was measured by electromagnetic flowmeters _EMFS at (S1 and
S2) Figure (9.23).

sand

sand layer

diftuser for 12.5-17.5 cm

sand &water mixture

basin

9 equally-spaced groynes

waterdsand
3 pseudo groynes

normal line control gate

b

settling
basin

flume working length =26.85 m

<:: :| waterdsand

Figure (9.23) Flume setup (from Yossef & de Vriend, 2010)

Table (9.4) Experimental setup (from Yossef & de Vriend, 2010)
Test h h i, Q. 0O,

name (nf) h/h, (m) (n;};;) (m3/s)  (k a/h) R F

Gli 0.125 1* 0.125 0.277 0.058 29.03 11,250 0.27
Gla 1.4 0175 0.298 0.088 3354 15626 0.23
Glb 1.7 0213 0310 0.111 3629 19,737 0.21
Gle 20 0250 0320 0.134  38.67 23,970 0.20
G2i 0.100 17 0.100 0263 0044 2622 7895 027
G2a 1.4 0.140 0.284 0.067 3051 11,924 024
G2b 1.7 0.170 0.296 0.085 33.14 15,089 0.23
G2c 2.0 0200 0.306 0103 3542 18352 022
G3i 0075 1° 0.750 0.245 0.031 2281 5.523 029
G3a 1.4 0.105 0.266 0.047 26.82 8,385 0.26
G3b 1.7 0.128 0.278 0.060 2929 10,639 0.25
G3c 20 0150 0288 0073 3143 12967 024

“Emerged groynes.
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After comparison of the current river groyne setup with that of the flume, only the cases of
Gli and Gla in Table (9.4) were slightly similar to the river groyne setups (emerged and
submerged). In the flume, of the relative groyne submergence (h/hg) had the same value
along the length of each groyne. However, in the river model, this value varies due to
complexity in the river bathymetry. For comparison with the flume, three sections (S1, S2
and S3) were taken at (Z3-3) groyne zone as shown in Figure (9.21).

In Figure (9.24-a, b), comparing the model’s results for the depth-averaged velocity of the
emerged and submerged cases with those of the flume showed nearly similar patterns. At
both the S1 and S2 sections of the flume, increasing the submergence of the groynes
increased the velocity in the groyne embayment and decreased the velocity near the head of
the groynes. However, at section S1, for the emerged case, the model’s velocity estimation
was not less than zero, as was observed in the flume. This may be due to the dissimilarity of
the aspect ratios of the flume and the model.
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Figure (9.24) a) Depth-averaged velocity at cross-section S1 and S2 of the flume (Yossef &
de Vriend, 2010). b) Model depth-averaged velocity at section S1 and S2. ¢) Model water
depth. d) Model water level results for Setup#1 (Emerged), Setup#1 2, and Setup#1_

The emerged and submerged groynes produced different water levels in the groyne
embayment Figure (9.24, d). For instance, at section S1 for the emerged case, the water level
was slightly lower in the groyne zone compared to the main channel, whereas in the
submerged case, the water level in the groyne zone was higher compared to the main channel.
In addition, at section S2, for both the emerged and submerged cases, the water level in the
embayment was higher compared to the main channel. Furthermore, a contrast in water level
patterns near the head of the groynes between S1 and S2 was observed.
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Morphodynamic -Emerged, Submerged

To assess the morphodynamic estimation of the embayment, the model results were
compared with previous results at both field and laboratory scales.

In the emerged groyne embayment in the Elbe River (Sukhodolov et al., 2002), sediment
deposition and entrainment were measured by a Sonar Lite portable echo-sounder system
(OHMEX Instruments). The bed consisted mostly of gravel and sand, and the thickness of
the deposited fine sediment was measured. It was observed that when the aspect ratio was
0.7, sediment accumulated at the center top between the groynes. This location coincided
with the center of the velocity circulation. In addition, it was observed that scour occurred
within the groyne embayment downstream of the tip of the groynes, as shown in Figure (9.25,

a).

The result of the 14-day simulation (Setup#1) is compared with the Elbe River results in
Figure (9.25-a, b). The model produced a similar pattern of deposition in the embayment.
However, the scour position was slightly different. In the model, erosion was mostly
estimated at the head of the groynes, whereas in Elbe River, entrainment was observed
immediately downstream of the head, and penetrated toward the groyne embayment.

4 A NN scouring EZZ deposition D oo \Fli)w
o
Lg ‘
— = 0.7
L’

1 08 06 -04 02 0 02 04 06 08 1 \

Figure (9.25) a-Area of scouring holes and deposited fine sediment for the groyne field with
(Lg/Lf=0.7) of the Elbe River embayment obtained from field measurements (Sukhodolov et al.,
2002). b- Cumulative erosion and deposition after 14 days at the Z3-3 groyne zone of Setup#1.
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It was not possible to validate the accumulated erosion-deposition quantitatively due to
dissimilarity in the river conditions, including flow rate, sediment concentration, grain size,
etc. Nevertheless, the lateral concentration profile compared favourably with the flume
experiment (Yossef & de Vriend, 2010). According to their flume results, with increasing
submergence, sediment concentration in the embayment increased (Figure 9.26-a). The
lateral profile of the cohesive sediment concentration showed a similar pattern to the flume
results for both the emerged and submerged cases (Figure 9.26-b, c, d); however, the non-
cohesive sediment concentration was underestimated Figure (9.26-e). According to Yossef
and de Vriend (2010), the underestimation of non-cohesive concentration is related to the
non-cohesive transport formula. Illustrating that sediment concentration near the groynes is
not in equilibrium.

In addition, comparing the concentrations of all sediment fractions at Section S1 in the
groyne zone shows that the sediment concentration decreases with increasing sediment grain
size. For instance, looking at the concentration profile of both fractions (0.0075mm and
0.039mm) at Section S1, the difference between the mainstream and groyne zone
concentrations of fraction 0.0075mm was lower compared to fraction 0.039mm (Figure 9.26-
b,d).

At Section (S2), the cohesive sediment concentration of fractions 0.0075 and 0.019mm for
the emerged and submerged (0.5m) cases were similar to those of the flume. However, for
fraction 0.039mm, the emerged and submerged (1m) cases were more similar to the
experiment. This may due to the difference in the grain size that was utilized in the flume.

For more illustration, the concentrations of cohesive fractions in the groyne zone and the
distributed mass fractions in the bed are shown in Figures 9.27 and 9.28 respectively. This
figure represents the results of the 14day unsteady simulation. At the end of simulation, the
water level is at 461.5m. These figures show that the mass fraction distribution does not
totally follow the path of the concentration. It can be said that the fractions will deposit only
in places with low velocity.
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Figure (9.26) a) Sediment concentrations of the flume at the S1 and S2 sections for G1i case

(emerged) and Gla, G1b and G1c (different submerged cases) (Yossef & de Vriend, 2010). b, ¢, d,
e) sediment concentration profile at the S1 and S2 sections of the simulation results of the 14-day

simulation for Setup#1, Setup#1_2 and Setup#1_3. a) Fraction 0.0075mm, b) fraction 0.019mm, d)
fraction 0.039mm, and f) fraction 0.0795
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Figure (9.27) Sediment concentration distribution inside groyne zone Z3-3, sorted vertically from
finest to coarsest cohesive fraction, and from left to right sorted by submergence level
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Figure (9.28) Sediment mass (kg/m?) distribution in the bed (first layer) inside groyne zone Z3-3,

sorted vertically from finest to coarsest cohesive fraction, and from left to right sorted by
submergence level
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In the flume results for the emerged case, most of the deposition was located near the
normal line, and the smallest amount was found near the bank (Figure 9.29-a), whereas in
the submerged case, deposition along the normal line was wider compared to the emerged
case. In addition, the deposition rate of the submerged case (h/hg=1.4) was less than that
of the emerged case. Prior to making the comparison, it is essential to mention that the
positions of erosion and deposition of the flume and the model are opposite due to the
difference in aspect ratio of the groynes.

Similar to the flume result, the deposition rate of the modelled submerged (1m) case was
less than that of the emerged case. However, the sedimentation rate of the emerged case
was less than the deposition of the submerged (0.5m) case (Figure 9.29-c). This result
may be due to the following:

e Although with groyne submergence, the depth-averaged velocity circulation vanished
and the vector became parallel to the main channel, similar to Uijttewaal et al. (2005)
and_Constantinescu (2009), the zone of low velocity became wider in the submerged
(0.5m) case compared to the emerged case (Figure 9.29-b). This resulted in a larger
area of low bed shear stress between the groynes. According to Peng et al. (1997, as
cited in Yossef & de Vriend, 2010), this low bed shear stress has an association with
the ratio of groyne spacing to groyne height (hg). When the groynes become
submerged, the flow inside the groyne zone increases, and if the space is not big
enough, the flow cannot reattach to the bed, which leads to low bed shear stress.

e According to Constantinescu (2009), the ejection of contaminants from submerged
groynes is much faster compared to emerged groynes because of the exchange mass in
the top of the flow. This means that the sediment supply to the groyne zone is higher
in the case of submergence.

Since the flume experiment was only run for 40 hours, it was essential to compare the model
after two days with the flume results. Figure (9.29-d) shows the cumulative erosion and
deposition on 6™ Nov. 2012 at Section S3. Similar to the flume results, deposition near the
groyne heads decreased with submergence of the groynes. However, at S1 and S2, the
sedimentation of the emerged groynes was higher near the bank, although near the head the
submergence (0.5m) case had the highest deposition.

It can be said that the pattern of (1m) submergence is more similar to the flume.
Furthermore, the profile at the three sections in Figure (9.29-e) shows that that the peak
deposition of the submerged case was located slightly behind compared to the emerged case.

Regarding entrainment estimation near the head of the groynes for the 14-day simulation,
similar to the flume, the model estimated lower erosion for both submergence cases
compared to the emerged case (Figure 9.29-c). The erosion estimation for the 0.5m and 1m
submerged cases were almost the same. According to the flume results, it was seen that the
scour at the head of the groynes fully developed after 10 hours, whereas deposition continued
until the end of the 40 hours. In this model, the time series of the cumulative erosion-
deposition showed that the change in erosion in the normal period was not high compared to
the deposition rate inside the groynes (Figure 9.30 a, b, ¢). Stopping erosion in the flume at
the early hours of operation may be related to thickness of the sediment available in the
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flume, whereas in the current river model, this low erosion may be due to underestimation of

the model turbulence. This result may show that the development of erosion is much faster
than deposition.
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Figure (9.29) a) Accumulated erosion deposition (m) in the flume after 40 hours for emerged (G1i)
and submerged (G1a) cases. Model results at the Z3-3 zone (Figure 9.21) b) depth-averaged velocity
at the end of 14 days, c) accumulated erosion deposition in the model after 14 days, d) accumulated
erosion deposition at three cross-sections (S1, S2, and S3 —Figure 9.21) on 6" Nov and 18" Nov
2012.
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The above simulations were conducted without including (HLES). Since the flume
simulation in Section (9.3.1) showed slightly better results when HLES was included in the
model, it was essential to show the results with HLES included. In addition, it was important
to look at the morphology changes at all the groynes.

Figure (9.31) shows the erosion and deposition without groynes at Zone-2 and Zone-3 after
14 days. It can be seen that after applying groynes, in most of the groyne zone erosion
changed to deposition.

Comparing the accumulated erosion and deposition of the 14-day simulation of Setup#1l
(emerged) in Figures 9.32 and 9.33, the inclusion of HLES produced slightly higher erosion.
Therefore, HLES was excluded from all subsequent simulations.

Comparison of Figures 9.31 and 9.32 shows that applying groynes to the river increased
erosion near the head of the groynes, presumably due to turbulent flow generated near the
groyne tips. This influence of the groynes extended into the middle of the channel. To
decrease this entrainment in the main channel, several groyne designs are examined in the
next section.
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Figure (9.31) Cumulative erosion and deposition of the 14-day simulation without groynes
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Figure (9.32) Cumulative erosion and deposition of the 14-day simulation of Setup#1 excluding HLES
B 494434 .

5 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

593

" 17-Nov-2012 2359 59

| | | | | | | |
599 6 6.01 602 603 6.04 6.05 6.06 6.07 6.08

Figure (9.33) Cumulative erosion and deposition of the 14-day simulation of Setup#1 at Zone-2 and
Zone-3, including HLES 129




9.4.3. Comparing different Design Criteria

As has been mentioned previously, the first model runs considered emergent, long groynes
with an aspect ratio of 0.5-2 applied in Zone-2 and Zone-3 (Setup#1). This produced high
erosion (Figure 9.34). Consequently, both bed and suspended load transport toward the
reservoir increased (Figure 9.36). Therefore, in Setup#2, groyne length was decreased, while
maintaining the same level from the bank toward the main stream and the aspect ratio in the
range 2-0.5 (see Table 9.3 and Figure 9.20). This setup decreased erosion in the main stream
and the sediment transport toward the reservoir. Total sediment transport and suspended
sediment transport decreased, but bedload transport increased (Figure 9.36). In Setup#3_1,
the elevation of the groynes near the bank was changed while maintaining groyne length as in
the previous Setup#2 (Figure 9.20). The groynes in these runs were still emergent at normal
flows. Depending on design criteria of the groynes, the elevation of the groynes near the
bank should be higher in order to prevent any ice cover (Przedwojski et al., 1995). This setup
only increased the suspended load transport compared to previous setup (Figure 9.36). In
Setup#3_2, the groynes were divided into two segments: one part near the bank where the
elevation remained higher than the normal water level, and a second part submerged by 0.5m
(Figure 9.20). This setup was only applicable for Zone-3. The results of this setup showed
an increase in suspended sediment supply toward the groyne zone (Figure 9.35-e). In the last
setup (Setup#4), the groynes were changed to an L-head shape (Figure 9.34-e, 9.35-f).
According to Przedwojski et al. (1995), L-head groynes meet the needs of bank protection
and less erosion in the main channel. The results showed there was an increase in suspended
load transport toward the reservoir compared to Setup#3 1, but a slightly lower bed load
transport was estimated. This resulted in a lower total load transport toward the reservoir
(Figure 9.36). Overall, the lowest bed load transport toward the reservoir was predicted
using L-head groynes (Setup#4), the lowest suspended transport was predicted by a
submergence of 0.5m (Setup#3_2), and the lowest total load transport was estimated to be the
same for L-head groynes (Setup#4) and submergence (0.5m) (Setup#3_2).
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Figure (9.34) Cumulative erosion deposition for 14 days (3" Nov-18" Nov-2012) for Zones
1 and 2, sorting from top to bottom of different groyne setups: a) without groynes, b)
Setup#1, c) Setup#2, d) Setup#3_1, e) Setup#4
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Figure (9.36) Cumulative sediment transport for 14 days at a section at downstream of the
model
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10. Conclusions and Recommendations

This study involved the development of a Delft3D morphodynamic model to evaluate
sediment transport in a meandering river reach upstream of a reservoir on the Drava River,
Austria. The primary conclusion of this study is that the implementation of a series of
groynes in the meandering reach may beneficially reduce rates of reservoir sedimentation.
This is largely due to capture of transported sediment load within the groyne embayment.

Specific findings of the study are summarized as follows:

Meandering hydrodynamic validation revealed that the 2D model prediction was
better when the secondary flow model correction was excluded. This was because the
secondary flow model decreased the estimation of reverse flow at the outer bank that
was observed in the measurements.

Morphodynamic validation showed the underestimation of non-cohesive sediment
transport when using the Van Rijn formula, especially during flood season.
Consequently, this formula was calibrated using the Bed parameter.

Different slope formulas did not only produce alterations in bed load transport but
also had impacts on suspended load transport. This result may have an association
with both the non-cohesive transport formula and bed composition.

Bed resistance played a major role in validating the meandering morphodynamic
model, especially at the concave zone and the deep area of the river.

The results of 1-year sediment transport modelling in the meandering reach showed
that the sediment entering and passing through this reach was not in equilibrium.

While considering that only 2D modelling was applied in this study, and that the modelled
groynes were not built into the bathymetry, the following points can be concluded:

o The simulation showed that the eddy viscosity needed for a thin dam was greater than

the eddy viscosity required for modelling a 2D weir. This may due to the fact that the
equation applied for a 2D weir is not implemented over a thin dam.

Including HLES) in the simulation led to better estimation of depth-averaged velocity
in both the groyne detachment zone and at the head of the groynes in the flume scale.
Depth-averaged velocity in the groyne embayment zone with an aspect ratio between
0.5-2 was compared for emerged and submerged cases. The results showed that
although when the groynes were submerged the circulation pattern disappeared
between the groynes, the low velocity zone was large in the submerged (0.5m) groyne
case compared to the emergent case. This resulted in a wider zone of low bed shear
stress between the groynes compared to the emergent case. However, in the case of
submergence (1m), the area of low velocity was smaller compared to the other two
cases.

The above results led to producing highest deposition in the 0.5m submerged case,
and lowest deposition in the 1m submerged case. Nevertheless, the sediment supply
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to the groyne zone is not only a function of the level of submergence, according to
previous studies. Many other parameters, like the sediment concentration in the main
channel, bed composition, groyne location, and bathymetry may play a role.

o The distribution of cohesive sediment concentration inside the emerged impermeable
groyne zone showed that with an increasing grain size of cohesive sediment, the flow
has less strength to transport the sediment near the bank. On the other hand, the
model results verified previous studies of underestimation of the Rouse profile in
determining non-cohesive sediment concentration for both the emerged and
submerged cases.

o Although both submerged (0.5m) and L-head groynes were not applied to all the
groynes, they produced approximately the same suspended sediment transport toward
the reservoir. Nevertheless, applying L-head groynes produced less bed load transport
toward the reservoir compared to the submerged case.

o In submerged cases, erosion estimation over the groynes is crucial, but it is not
estimated in this model due to not including groynes in the bathymetry.

= Although the change in water level at the outlet boundary (flushing analysis) showed
impacts on both sediment transport toward the reservoir and morphology changes in
this reach, it is crucial to look at changes in both the river and the reservoir reaches.

= Further studies need to be conducted to find the relationship between the sediment
supply to the groyne zone and the flow patterns between submerged groynes.

This study found that implementation of groynes in the meandering river reach will have
clear benefits. These include:

1) Decline in suspended sediment transport toward the reservoir, which is advantageous
for the operation of both the reservoir and the turbine.

2) Bed load increase due to the constriction of flow to the main channel, which is useful
for regaining flow capacity of the river.

Despite these benefits, further study is required prior to the implementation of groynes,
specifically:
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1) Comparison of the construction and maintenance costs for these structures to the
costs of dredging in this reach and in the reservoir.

2) Modeling long-term impact of such groyne implementation by modeling both the
river and reservoir together.

3) Consideration of groyne implementation on dredging operations. It may be that
dredging operations will simply be relocated from the reservoir to the groyne
embayment. The relative costs of these dredging operations should be considered.
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