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I would like to sincerely thank my supervisor and committee chair, Mark Voorendt from TU Delft, for all
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parents, brothers, and close friends for their support and advice throughout my entire study period. My
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Tyra Rahan
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Abstract

Water levels in the river Meuse drop during periods of low river discharges, making it unnavigable for
shipping. To maintain navigability in the Dutch part of the river Meuse, seven weir complexes were
constructed in the river. These complexes regulate the river and maintain target water levels to allow for
shipping throughout the entire year. The complexes were constructed in the early 20" century and are all
reaching the end of their technical lifetime. Therefore, they require replacement or renovation. This
provides the opportunity to explore ecosystem restoration at these complexes.

The seven weir complexes are located at Borgharen, Linne, Roermond, Belfeld, Sambeek, Grave, and Lith.
Each complex consists of weirs, locks, and fish ladders. These complexes act as barriers to fish migration,
the river’s sediment transport, and reduce the lotic habitats in the river (in Dutch: ‘Stromende habitats’).
The reduction of lotic habitats leads to a decline in species that depend on these environments.

The objective of this report is to study the possibility of creating an optimized ecological route at conceptual
level for the weir complexes in the Dutch part of the river Meuse to create environmental conditions for the
formation of lotic habitats. This optimized ecological route is referred to as an ecological channel. The
channel was designed to support specific endangered river species, referred to as the target river species.

The channel was initially designed for weir complex Sambeek, which serves as the case study location.
This complex was selected as it has the most available space, which provides more flexibility for the
channel’s design. Subsequently, an assessment was conducted to determine whether the channel could be
applied to the other complex locations. To form lotic habitats, the channel must meet certain environmental
conditions that are based on the needs of the target river species. These conditions must be achieved during
the critical reproductive months of these species. The environmental conditions primarily consist of varying
flow conditions, which are achieved by varying inflow rates, indicating the need of an intake structure.

The ecological channel was designed through an iterative process, as its dimensions and flow conditions
have interdependent relationships. These parameters had to be iteratively adjusted until a suitable
combination was found that met the required conditions. To streamline the process and reduce the number
of possible combinations, the design of the channel’s intake structure and the channel’s dimensions were
done separately.

The final ecological channel design includes an intake structure consisting of a flap gate and vertical-slot
fish passage. An impression of the final channel design at weir complex Sambeek is shown in the figure on
the following page. The channel design meets the required environmental conditions for habitat formation
for river discharges up to 500 m®/s for weir complex Sambeek, Linne, Roermond, and Grave, and for
discharges up to 250 m®s at complex Borgharen, Belfeld, and Lith. Both discharge ranges include the
critical reproductive months of the target river species, as was required. The final design shows that the
required environmental conditions for lotic habitat formation can be achieved at the weir complexes in the
Dutch part of river Meuse, potentially leading to an increase in the populations of the target river species.

The channel design may not accurately represent reality due to uncertainties in the estimations and
limitations of the channel’s boundary conditions, available space, and simplifications of its hydraulic
processes. In addition, even if the required environmental conditions are achieved, it does not guarantee
that the river species will utilize the channel, as their behaviours can be unpredictable, and their response
may not be as anticipated. To develop a more realistic and detailed design, it is recommended to construct
a hydraulic model and conduct further research on the behaviours of the river species.
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1. Introduction

1. Introduction

1.1 Motivation for the project

The discharge of the river Meuse in the Netherlands primarily relies on precipitation, leading to significant
fluctuations in the river’s flow rates. During periods of low river discharges, the river’s water levels become
insufficient, making the river unnavigable for shipping. To address this issue and enable the continuation
of shipping during varying river discharges, seven weir complexes were constructed along the river. These
weir complexes regulate the river by raising the river’s water levels during low river discharges. Figure 1
gives an aerial view for one of these weir complexes. Constructed in the early 20th century, these weir
complexes are all reaching the end of their technical lifetime. Therefore, replacement or renovation of the
weir complexes is essential, considering their crucial role in facilitating shipping on the river Meuse.

Rijkswaterstaat, the organization responsible for managing all seven weir complexes, is tasked with their
replacement or renovation. This replacement or renovation process aligns with their ‘Vervanging en
Renovatie programma’ (Rijkswaterstaat, 2022). The program describes various ambitions, including
striving for greater climate neutrality and exploring opportunities to restore disrupted ecosystems. This
master thesis aims to explore these opportunities for ecosystem restoration at the weir complexes while
ensuring the preservation of their primary function in supporting shipping activities.
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1.2 Problem analysis

This section provides an overview of the river Meuse and the existing weir complexes. It then proceeds to
discuss the ecological shortcomings of these complexes to identify areas for potential ecological
improvements. It aims at pinpointing a concise problem statement.

1.2.1 The river Meuse’s network

The river Meuse originates from the Langres Plateau in France and flows through Belgium and the
Netherlands before reaching the North Sea. It can be divided into three parts: the French, Belgian, and
Dutch part, as shown in Figure 2. The primary tributaries of the river Meuse are the river Ourthe, Semois
and Rur, which are indicated in Figure 2. The river Meuse enters the Netherlands at Eijsden and passes
through Maastricht and ‘s-Hertogenbosch before flowing into the river Hollandsch Diep, Haringvliet, and
eventually the North Sea. The Dutch part of the river, known as the Maas, is supported by vital tributaries
such as the river de Voer, Jeker, Geul, Geleenbeek, de Roer, Swalm, Niers, Dommel, Aa and de Dieze
(Ankum, Delbressine, Kurvers, & Maes, 2023).

During the industrialization era, the Netherlands required reliable transportation routes, for which the river
Meuse was considered. However, the river’s discharge primarily relied on precipitation, resulting in
unreliable shipping conditions due to inadequate water levels during low river discharges. To ensure a
consistent and reliable transportation system on the river, plans were formulated to canalize the river Meuse.
Following the successful canalization project, the Dutch part of the river Meuse can be divided into six
distinct sections, namely the Bovenmaas, Grensmaas, Plassenmaas, Zandmaas or Terrassenmaas,
Bedijktemaas, and Getijdenmaas, as shown in shown in Figure 2. The canalization plans and the river
sections are elaborated in the report (Ankum, Delbressine, Kurvers, & Maes, 2023).
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Figure 2: The river Meuse with its main tributaries flowing through France, Belgium, and the Netherlands to the North Sea (Ankum,
Delbressine, Kurvers, & Maes, 2023) [left]. The Dutch sections of the river Meuse [right].
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1.2.2 Overview of the existing weir complexes

The seven weir complexes are located at Borgharen, Linne, Roermond, Belfeld, Sambeek, Grave, and Lith
as shown in Figure 3. Each weir complex is named after its corresponding location and is composed of
multiple subsystems. Table 1 gives an overview of the main subsystems at each location. The subsystems
at each complex location are elaborated in the report by (Ankum, Delbressine, Kurvers, & Maes, 2023).

Table 1: Overview of the subsystems at each complex location

Subsystems Type Weir complex location
Weirs Combined Poirée and Stoney weir Linne, Roermond, Belfeld, and
Sambeek

Wheel gates weir with control valve = Borgharen and Lith
Bridge weir with frames and panels = Grave

Locks and mooring areas All
Fish passage V-shaped pool-and-weir fish ladder =~ All
Hydropower plants Linne and Lith
el ,-;!d‘.‘ YV
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Figure 3: Overview of the weir complex locations in the river Meuse with corresponding aerial views (Rijkswaterstaat, n.d.)

General functioning of the weirs and locks

The main purpose of the seven weir complexes is to ensure the continuity of shipping on the river Meuse,
particularly during low river discharges when insufficient water levels for navigation occurs. When the
river experiences low river discharges, the weirs control and restrict the river’s flow, thereby achieving the
desired water levels upstream of the complexes. The closed weirs create a water level difference between
the upstream and downstream sides of the weir complex. The ships navigate this water level difference by
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utilizing the locks. Mooring areas are located upstream and downstream of the locks, providing anchoring
points for ships.

As the river discharge increases, the weirs gradually open to maintain the desired upstream water levels.
This process continues until the water level difference between the upstream and downstream sides of the
complex becomes negligible. At this point, the weirs can be fully opened, and the river operates as a free-
flowing river, where the water levels depend on the river’s discharge, gradient and cross-section. This
situation occurs during high river discharges, which result in high-water levels that cause the locks to
become partially submerged, making them non-operational. Currently, ships can pass the weir complex by
navigating through the fully open weirs at weir complex Roermond, Belfeld, Sambeek, Grave and Lith
(Ankum, Delbressine, Kurvers, & Maes, 2023). Figure 4 shows a schematization of the weirs during low
and high river discharges.

B

Bs_

During a low river discharge During a high river discharge
Figure 4: Schematization of the weir during low and high river discharges (Ankum, Delbressine, Kurvers, & Maes, 2023)

Apart from ensuring sufficient water levels for shipping, the river Meuse also plays a crucial role in
providing water for industrial and drinking water purposes. As a result of the river regulation, the
surrounding environment has been arranged to align with the target water levels (Dutch: ‘stuwpeilen’). This
includes the intake and drainage systems of the region, and maintaining the desired groundwater table.
Therefore, having sufficient water levels in the river is essential to support these activities. The target water
levels are determined through various agreements, such as the WATAK (water agreement between
Rijkswaterstaat and the water boards of Brabant and Limburg) (Ankum, Delbressine, Kurvers, & Maes,
2023).

Fish ladders

The river Meuse supports various fish species that freely move between the different habitats in the river.
However, the closed weirs and locks form a barrier to fish movement, particularly hindering the upstream
migrating fish. To addresses this, fish passages were constructed at all seven weir complex locations. Each
fish passage is a VV-shaped pool-and-weir fish ladder, which consists of consecutive pools and weirs that
divide the total water level over the complex into smaller more navigable steps for the fish. The fish ladders
have an adjustable intake weir (most upstream weir) to regulate the inflow rates. Figure 5 shows the fish
ladder at Borgharen. For the fish ladder to effectively support fish migration, it must provide adequate flow
velocities, water levels, and luring currents.
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Figure 5:V-shaped pool-and-weir fish ladder at weir complex Borgharen (Rijkswaterstaat, n.d.) and (Vriese, et al., 2021)

1.2.3 Ecological shortcomings of the weir complexes
The current ecological shortcomings of the weir complexes are described in the report (Vriese, et al., 2021)
and outlined in the remainder of this section.

Inadequate fish passability

The fish passability of the weir complexes refers to the longitudinal upstream and downstream movement
or migration of fish through the complexes. When the weirs are closed the upstream migrating fish use the
fish ladders, while the downstream migrating fish mostly move with the river’s flow over the weirs. When
the weirs are fully opened the fish can move freely through them.

Upstream fish migration
The fish ladders have several structural issues that reduces their proper functioning. These are:
o High water level differences over the individual weirs, making the fish passage less passable for
weaker swimming fish
e High turbulence intensities in the individual pools, which reduces the passability for weaker
swimming fish
o Insufficient dimensions of the weirs and pools, hindering the passage for larger fish. It also leads
to increased turbulence intensities in the pools, reducing the passability for weaker swimming fish
e Improper placement or subsidence of the fish passage components, which decreases its passability
¢ Inadequate maintenance, resulting in clogging of the fish passage

The primary issue with the fish ladders is their luring current. This current must attract the fish for them to
locate the outlet of the fish passage (downstream entrance), which is crucial for the upstream migrating
fish. The fish ladders are designed for the maximum water level difference over the weir complex. This
results in the submergence of the downstream side of the fish passage, which reduces its luring current.

The effectiveness of the luring current is also influenced by the other subsystems, as upstream migrating
fish are naturally drawn toward the largest flow current in the river due to their rheotaxis orientation sense.
This is typically the flow over the weirs or the hydropower plants. According to the report by (Vriese, et
al., 2021), fish then follow an imaginary migration line along the downstream flow (downstream turbulent
zones) of the weirs to navigate the weir complex. For an adequate findability of the fish passage’s outlet
(downstream entrance), the report recommends aligning it with the migration line. However, the position
of the migration line varies based on the flow rate over the weirs, making it challenging to determine the
optimal position of the fish passage. Figure 6 also shows that improper placement of the fish ladder can
reduce its findability due to the misalignment with the migration line.
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Figure 6: The fish migration line (pink line) along the downstream turbulent zones of the weirs [left]. Zooming in on the downstream
turbulent zones [right] (Vriese, et al., 2021)

Downstream fish migration

The water level difference over the weirs results in flows with significant energy as they pass over them.
This results in high turbulence intensities downstream of the weirs, as shown in Figure 6. The downstream
migrating fish typically pass over the weirs with the river’s flow. They can suffer direct injuries from
collision or abrasions with the weirs, as well as indirect injuries due to these high turbulence intensities.
The turbulence intensity can suppress the fish’s predator reflex for up to 24 hours, making them vulnerable
to predators. Therefore, to minimize these indirect injuries, a proper stilling basin must be added
downstream of the weirs to effectively dissipate the flow’s energy.

In addition, at weir complex Linne and Lith, the downstream migration fish also end up at the hydropower
plants, which can lead to direct injuries the fish. The mortality rate for fish passing through the hydropower
plants is higher than those passing over the weirs.

Reduction of the river’s natural habitats

The river Meuse is home to various river species. The presence of the dikes, weir complexes, and other
hydraulic structures disrupt the river’s natural landscapes and flow patterns, resulting in a loss of gradual
transitions between high and low water levels and flow velocities, see Figure 7 (Rijkswaterstaat, 2022).
These gradual transitions are crucial for the river’s biodiversity, as different species prefer different habitats
(Keizer, 2016). Their disappearance has led to a decline of certain river species, reducing the overall
biodiversity in the river. The weirs regulate the river to maintain the target water levels, this primarily
reduces habitats dependent on continuous and fluctuating flow conditions, known as lotic habitats.
Reduction of these lotic habitats, and consequently the species dependent on them, has serious implications
for the river’s ecosystem health and water quality (Rijkswaterstaat, n.d.). Therefore, it is crucial to explore
options for restoring the river’s lotic habitats.
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Figure 7: River with natural gradients [left] and a regulated river with low velocities and high-water levels [right]

Disruption of the river’s sediment balance

The natural sediment transport of sludge, sand and gravel in the river is obstructed by the weir complexes.
The retaining nature of the weirs and locks disrupts the movement of sediment, leading to sludge
sedimentation upstream of the complexes. This sludge covers the gravel bed, reducing the oxygen supply
to the riverbed and resulting in reduced spawning grounds for Salmonidae species (\Vercruijsse, et al., 2021).

The sedimentation of sludge also reduces variations in the riverbed types, leading to a loss of habitats for
certain fish species. Over the years, changes in weir management have increased the effects of
sedimentation. In the past, the weirs were opened for river discharges between 500 — 700 m%/s, allowing
natural sediment transport to occur over several weeks or months per year. However, currently, the weirs
are opened for discharges between 1000 m?/s - 1600 m%/s, leading to prolonged closures of several months
or years.

In addition, erosion occurs downstream of the complexes, increasing the holding capacity of the river and
reducing flooding of the floodplains, which reduces the habitats of certain plant species. The lack of
sediment transport towards the coastal zone, reduces the necessary sediment compensation for sea level
rise, potentially leading to submergence of coastal habitats. Therefore, it is interesting to exploring ways
that restore the river’s natural sediment balance.

1.2.4 Problem statement
The previously stated shortcomings of the weir complexes in the river Meuse, are summarized below:

e Disruption of the river’s natural sediment transport due to the retaining nature of the weirs

e Inadequate fish passability at the weir complexes due to insufficient passability and findability of
the fish ladders

e Degradation of the river’s lotic habitats due to the reduced fluctuation of flow velocities and water
levels
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1.3 Project’s objective and scope
1.3.1 Objective

The objective of this graduation report is to study the possibility of creating an optimized ecological route
at conceptual level for the weir complexes in the Dutch part of the river Meuse to create environmental
conditions for the formation of lotic habitats.

1.3.2 Scope

Several measures are available that potentially lead to lotic habitat formation in the river Meuse, such as
the implementation of a by-pass channel (Dutch: ‘nevengeul’), a weir channel (Dutch: ‘stuwgeul’: a channel
that runs parallel to the river and is separated from it by a longitudinal dam), dynamic weir management,
and lowering of the target water levels. These specific measures are not elaborated in this report. A detailed
description of each measure is provided in the report by (Vriese, et al., 2021).

This report specifically focusses on creating the environmental conditions necessary for lotic habitat
formation in an optimized ecological route, similar to the by-pass and weir channel concepts. This
optimized ecological route is referred to as an ecological channel for the remainder of this report. The
channel is designed to support specific river species that are endangered due to the reduction of the lotic
habitats in the river. The ecological channel is initially designed for one weir complex location.
Subsequently, it is examined whether the channel can be applied to the other complex locations to determine
the feasibility of forming lotic habitats at all complex locations.

The existing fish ladders, weirs, navigation locks, and mooring areas remain unchanged and are therefore
not assessed. Only the effects on their functionality are examined. As a result, the inadequate fish passability
of the existing fish ladders is not considered. However, it is examined whether the ecological channel can
potentially function as a fish passage and improve the fish passability of the entire weir complex. In
addition, the disruption of the river’s natural sediment transport is not considered in this report.

The design of the ecological channel does not include:

¢ A morphological study
e A hydraulic model
e A structural design

Deepening questions
To achieve the objective of this report, the following deepening questions are formulated:

1. How are the suitable dimensions of the ecological channel determined?

2. Can the ecological channel function as a fish passage?

3. Can the ecological channel be applied to all weir complex locations in the Dutch part of the river
Meuse?
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1.4 Approach and report outline

1.4.1 Methodology: The civil engineering design method

To achieve the objective, a form of system engineering is applied, specifically the civil engineering design
method. The method, outlined in Figure 8, consists of seven phases and follows a constant iterative process,
until the final required design is reached. The method is detailed in the lecture notes (Molenaar & Voorendt,
2023). The method is applied to the functional-spatial design loop. The approach is presented in the
following subsection.

Phase 1 Problem analysi Phase 5: Evaluation of alternatives
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Figure 8: Overview of the civil engineering design method (Molenaar & Voorendt, 2023)

1.4.2 Approach and report outline

System analysis

The ecological channel is designed for one of the seven weir complex locations in the river Meuse. The
selected weir complex serves as the case study location for this report. The analysis then provides general
information about the case study location, along with a stakeholder analysis and a functional analysis.

The stakeholder analysis identifies the interests of all parties that are (in)directly involved or affected by
the ecological channel design. The functional analysis provides a functional overview of the entire weir
complex. The analysis categorizes functions into principal, persevering, and additional functions. The
principal function describes the motivation for the existence of the weir complex, persevering functions are
those inherited from the existing weir complex, and the additional functions represent the opportunities the
weir complex can provide to the surrounding environment (Molenaar & Voorendt, 2023). The system
analysis is presented in Chapter 2.



1. Introduction

Basis of design

The basis of design provides the functional requirements which the final design must satisfy. It also provides
the boundary conditions for the case study location, and the evaluation criteria with which potential design
concepts are evaluated. The basis of design is presented in Chapter 3.

Functional-spatial design

The functional-spatial design is made for the ecological channel and its intake structure, considering the
functional requirements and boundary conditions described in the basis of design. The flow conditions of
the ecological channel and intake structure are verified with analytical calculations based on basic hydraulic
principles. The designs process answers the deepening question:

‘1. How are the suitable dimensions of the ecological channel determined?”’

Furthermore, whether the ecological can function as a fish passage is examined, which answers the
deepening question:

2. Can the ecological channel function as a fish passage?’

The functional-spatial design gives the final design of the ecological channel, including its intake structure,
and the integration of it into the existing weir complex of the case study location. The design includes global
dimensions and operational considerations. The functional-spatial design is presented in Chapter 4.

Generalization

The final design of the ecological channel and its intake structure is generalized for the boundary conditions
of the other weir complex locations in the Dutch part of the river Meuse. Whether the design can be applied
to the other complex locations answers the last deepening question:

‘3. Can the ecological channel be applied to all weir complex locations in the Dutch part of the river
Meuse?’

The generalization is elaborated in Chapter 5.

Discussions, conclusions, and recommendations

The discussion evaluates the approaches, methods, simplifications, and assumptions used. The conclusion
provides descriptions and illustrations of the final design of the ecological channel and its integration into
the existing weir complex of the case study location. It also answers all the deepening questions. The
recommendations indicate setbacks, limitations, and suggest areas that can be further explored. These items
are presented in Chapter 6.
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2. System analysis

2. System analysis

This chapter presents the selection of the case study location and provides general information about it.
After which the stakeholder and functional analyses are conducted. The aim of this chapter is to formulate
the basis for Chapter 3.

2.1 Selection of the case study location

One of the seven weir complexes in the river Meuse is selected as the case study location for the ecological
channel design. The selection is based on the location with the most available space. This criteria is used
as locations with more available space provide more flexibility for the design process. More space allows
for larger channel dimensions, which can be beneficial for achieving the necessary flow conditions.

Available space at each complex location

The available space around all seven weir complex locations is determined by conducting an area analysis
using Google Earth. The analysis includes the surrounding areas where there is no significant development
and excludes the influence of proprietors. The area analysis of each complex location and the estimation of
the available area is shown in Appendix A and outlined in Table 2. It shows that weir complex Sambeek
has the largest available space. Therefore, weir complex Sambeek is selected as the case study location for
this report. Figure 9 shows the area analysis for complex Sambeek.

Table 2: Estimated available area for each weir complex location, see Appendix A for the corresponding figures.

Weir complex Estimated available area
North side of complex [km?] South side of complex [km?]
Borgharen 0.41 0.24
Linne 0.43 0.13
Roermond 0.75 0.22
Belfeld 0.05 0.52
Sambeek 2.18 1.33
Grave 0.21 0.26
Lith 0.79 0.14

A Available space on the right side of the complex (province Limburg)
Approxumate available area: 2,18 km2

B Available space on the Jeft side of the complex (province North Brabant)
Approxtmate available area: 1.45 k2

€ Maasheggen (Biosphere area)
@ Weir complex Sambeek @) Ferryboat route @) Eckeltsche Beek

T . R
Figure 9: Area analysis of weir complex Sambeek (Google earth, 2022) [right] and complex Sambeek (Rijkswaterstaat, sd) [left]
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2. System analysis

2.2 Area description of complex Sambeek

Weir complex Sambeek is located in the Zandmaas or Terrassenmaas section of the river Meuse, at the
border of the provinces Limburg and North Brabant, as shown in Figure 10. The figure shows that the area
north of the complex lies in the province Limburg, while the area south of the complex lies in the province
North Brabant. Therefore, flood protection along the river is managed by the respective waterboards in each
province. The weirs at Sambeek regulate the river segment between complex Sambeek and Belfeld, see
Figure 10. The complex is surrounded by the river’s floodplains, known as its winter bed. These floodplains
function as natural reservoirs, providing additional width to the river’s flow to decrease the flood risk of
the surrounding hinterlands without increasing the height of the winter dikes. According to the Water Act
(Dutch: “Waterwet’), Rijkswaterstaat is responsible for managing the floodplains of the entire river Meuse.
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e .
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SATp "

Nettal e
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Buggenum® @
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Figure 10: Location of weir complex Sambeek in the river Meuse [left] and its surrounding floodplains [right]

The assessment of the available space for weir complex Sambeek shows that the area south of the complex
(referred to as ‘C’ ) is known as the Maasheggen, see Figure 9. This area is recognized by UNESCO as a
Biosphere area (Maasheggen, sd). As a result, restrictions are in place to prevent negative impacts within
this area. Therefore, it is assumed that no interventions are permitted in the Maasheggen area. The focus
remains solely on the area’s ‘A’ and ‘B’.

2.3 Weir management of complex Sambeek

Weir complex Sambeek consists of the following main subsystems: the combined Poirée and Stoney weir,
three lock chambers, and one fish passage, as shown in Figure 11. The locks and weirs accommodate
shipping on the river and operate according to a certain weir management. This weir management is
described in following subsection. General information about the subsystems is indicated in Appendix B.
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Vi plsing (Narsh skic)
.

S e - -

Figure 11: Overview of weir complex Sambeek and its main subsystems (Biezen, sd) [left]. Aerial overview of the combined Poirée
and Stoney weirs (Heer, 2020) [upper right]. Aerial overview of the fish ladder (Buiter, 2020) [lower right]

2.3.1 Target water levels

The weir management of complex Sambeek involves two measurements points: Sambeek-Boven and Well-
Dorp, between which the control point for the weir management shifts. This shift is based on the water
levels at these points and ensures suitable water levels in the river, which mitigates the risk of flooding
along the river segment between weir complex Sambeek and Belfeld. The weir management is elaborated
in the report by (Aubel, 2023) and outlined in Figure 12. It results in a water level differences of 3-4 meters
between the upstream and downstream sides of the weir complex during low river discharges (Vercruijsse,
et al., 2021). The weir management at the other weir complex locations is similar. The target water levels
(Dutch: ‘stuwpeilen’) for each complex location is given Figure 13.

Control point at Sambeek-Boven

River discharge < 620 mds
Note: Inovder to prevent
St econtrol paint to Well-Dorp early foods of the quays in

the Wanssum harbour

Shift contral point back to
Sumbeck-Boven

River discharge
upproximately $00 miis Flow diagrum
starts over

Figure 12: Flow diagram of the current weir management at complex Sambeek based on the report (Vercruijsse, et al., 2021)
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Figure 13: Target water levels of the seven weir complexes in the river Meuse (Ruijgh, de Jong, & Kramer, 2021)

2.3.2 Fully opening the weirs

The weirs at Sambeek are fully opened when there is a minimal water level difference of 50 cm between
the downstream and upstream side of the river (Ruijgh, de Jong, & Kramer, 2021). This occurs for river
discharges of above 1300 m*/s and above (measured at Sint Pieter). The fully open weirs allow for ships to
pass the complex via the open Poirée weirs, as the locks are (partially) submerged during this discharge
(Aubel, 2023). The river discharge for which the weirs at each complex location are fully opened is shown
in Table 3.

Table 3: Overview of the river discharges when the weirs of each complex location fully opens and its occurrence per year (Ankum,
Delbressine, Kurvers, & Maes, 2023)

Stuw Rivierkilometer | Strijkdebiet Gem. aantal dagen per jaar
m3/s (circa) | gestreken (Antea, 2020)

Na Voor
Maaswerken Maaswerken

Borgharen 15.4 1600 Ixper3tot5 | 4
jaar

Linne 68.2 1350-1400 4 9

Roermond 80.9 1000-1100 8 20

Belfeld 100.8 1000-1100 20 20

Sambeek 146.6 1300 6 20

Grave 175.6 1300-1500 4 9

Lith 200.9 1200 4 4

Furthermore, for river discharges between 1000 and 1600 m®/s, the project area experiences flooding (DLG,
2007). In this report, it is assumed that the floodplains surrounding the complex are flooded (not fully
inundated) for river discharges above 1600 m®/s. Figure 14 gives an impression of the flooding of the
floodplains. It is also assumed that shipping is impeded at the complex during flood river discharges,
indicating that the weir complex is no longer operational. At this discharge level, the areas protected by the
winter dikes are not susceptible to flooding, as weir complex Sambeek is designed with for a larger peak
discharge, see Subsection 2.3.3.
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2. System analysis

Figure 14: Floodplains surrounding weir complex Sambeek during flood river discharges (Qriver > 1600 m3/s). This image was
taken during the floods of 2021, which was an exceptional situation (Heijligers).

2.3.3 Extreme river discharges

According to the report by (Ankum, Delbressine, Kurvers, & Maes, 2023), the governing flood discharge
is based on a probability of flooding of 1/1250 per year. For the river section between Eijsden and Mook,
this results in an extreme high discharge of 3275 m*/s, while for the river section downstream of Mook
(Bedijktemaas), it results in an extreme discharge of 3800 m?®/s. Therefore, for complex Sambeek the
extreme discharge of 3275 m*/s is considered. In addition, the report by (Bruggeman, Haasnoot, Hommes,
Linde, & Brugge, 2011) indicates that the extreme low river discharge of the river Meuse is 25 m¥/s.

2.3.4 Retaining current the weir management

As part of the of the Zandmaas/Maasroute project, a water level increase of 25 cm was applied at complex
Sambeek to accommodate deeper vessels passing through the locks and to mitigate the drying effects on
the natural environment caused by the summer bed deepening activities. This resulted in a change of the
weir management, requiring the weirs at Sambeek to be fully opened with a greater water level difference
over the weir compared to before. To compensate this, temporary water level increases at Grave are
required, creating a strong dependency between the weir management of Grave and Sambeek (Ankum,
Delbressine, Kurvers, & Maes, 2023). Considering this dependency, along with several others, such as
water intake, drainage, and the groundwater table of the surrounding area, it is decided to keep the existing
target water levels the same (see Figure 13).

2.4 River species at complex Sambeek

The river Meuse supports various river species. As mentioned in Subsection 1.2.3, the presence of the weir
complexes reduces the lotic habitats in the river. This reduction impacts various river species, with some
more severely affected than others, which can lead to their disappearance from the river. Therefore, the
Kaderrichtlijn Water Leidraad (KRW-leidraad) identified which river species are most endangered by the
reduced lotic habitats in the river Waal, ljssel, and Nederrij-Lek (Vriese, et al., 2021). It is assumed that
these target river species also apply for the river Meuse. The ecological channel is designed to form lotic
habitats suitable for these target species.

2.4.1 Target river species

The target river species for design of the ecological channel consists of macrofauna, and aquatic plants,
macro-fauna, and fish species. These target species and there preferred habitats are described in Appendix
C. The target species are shown in Table 4.
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Table 4: Overview of the target river species for which the ecological channel is designed (Vriese, et al., 2021)
Target aquatic plants

1. Rivierfonteinkruid (Potamogeton nudosus) 2. Slijkgroen (Limosella aquatica)

Target macro-fauna species
1. Bataafse stroommossel (Unio crassus) 5. Schoraas (Ephoron virgo)
2. Bolle stroommossel (Unio tumidus) 6. Vierlijnseeendagsvlieg (Ephemera glaucops)
3. Kokerjuffer (Hydropsyche contubernalis) 7. Zandslurfje (Propappus volki)
4. Rivierrombout (Gomphus flavipes)

Target fish species

5. Barbeel (Barbus Barbus) 5. Serpeling (Leuciscus Leuciscus)
2. Kwabaal (Lota lota) 6. Sneep (Chondrostoma nasus)
3. Riviergrondel (Gobio Gobio) 7. Winde (Leuciscus idus)
4. Rivierprik (Lampetra fluviatilis)

2.4.2 Reproductive months

The ecological channel supports the target river species during various different stages of their life cycle,
which occur during different periods of the year. Table 5 shows the periods when several macro-fauna
species emerge from their pupal stage and the spawning periods of the fish species.

Table 5: Overview of the reproductive months for the target macro-fauna and fish species (Vriese, et al., 2021)

Marco-fauna species Emergence period

Kokerjuffer (Hydropscyhe contubernalis) End of April —end of September
Rivierrombout (Gomphus flavipes) July — end of September
Schoraas (Ephoron virgo) end of July — start of September
Vierlijnseeendagsvlieg (Ephemera glaucops) June - August

Fish species Spawning period

Barbeel (Barbus barbus) May — July

Kwabaal (Lota lota) November - March
Riviergrondel (Gobio Gobio) April — August

Rivierprik (Lampetra fluviatilis) March - May

Serpeling (Leuciscus leuciscus) March - May

Sneep (Chondrostoma nasus) March — May

Winde (Leuciscus idus) March - April

The growth period for the fish species during their juvenile stage occurs between March and July.
Considering this, along with the periods shown in Table 5, the majority of the reproductive activities of the
target species takes place in the months March — September. Therefore, this period is crucial, and the
ecological channel must achieve the required flow conditions during this time. This period is referred to as
the critical reproductive months.

2.4.3 Fish species for the fish passage

As mentioned in Subsection 1.3.2, the possibility of the ecological channel functioning as a fish passage is
examined. In the Netherlands, the starting point is that a fish passage should be able to accommodate all
the fish species present in the waterway, in this case the river Meuse (Coenen, Antheunisse, Beekman, &
Beers). Therefore, unlike for the creation of lotic habitats, there are no specific target fish species for the
fish migration. Instead, the fish passage is designed with general dimensions and hydraulic parameters that
aim to meet the needs for most of the fish species in the river.
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The fish species can be categorized into six main fish types, as shown in Table 6. See the report by (Vriese,
et al., 2021) for a full elaboration on the fish species. The functioning of the fish passage has a more
significant effect on the potamodromous and diadromous fish species, as their migration is necessary for
completing their lifecycles and maintaining their populations. The potamodromous fish species typically
migrate from March to June, while the anadromous fish species typically migrate from October to
December.

These two periods have different average river discharges and water levels, making it difficult to design a
fish passage with dimensions and hydraulic parameters that meet the needs of the fish species in both
periods. Therefore, the primary migration period for which the fish passage must effectively function is
taken as the spring period, from March to June (Coenen, Antheunisse, Beekman, & Beers)

Table 6: The fish types in the river Meuse (Vriese, et al., 2021)

Fish types Description

Rheophilic The lifecycle of these species depends on the presence of running water conditions, in
other words lotic habitats. Different life stages are spent in different flow conditions

Diadromous This species migrates during its entire lifecycle between saltwater and freshwater. It uses

the entire river system, meaning migration to various habitats is important for the species

populations. The diadromous can be divided into two groups:

e Anadromous: This group breeds in fresh water and matures in salt water

e Catadromous: This group breeds in salt water and matures in fresh water
Limnophile This species prefers stagnant water and can complete its entire lifecycle in one habitat.

The species is rarely found in the river’s main flow, usually after floods or high-water

levels. This species is strongly associated with the river’s vegetation, which is used for

food and breeding areas.

Eurytopic This species does not require specific habitats. Their lifecycle is not dependent on certain
habitats or vegetation.
Exotics This species presents the non-native fish that can potentially harm the native fish species

Potamodromous | This species spends its entire lifetime in freshwater and migrates within river networks to
breed and develop

2.5 Functional analysis for complex Sambeek

The functional analysis provides a complete functional overview of complex Sambeek with an ecological
channel. It shows which subsystem performs which required function and forms the basis for the functional
requirements in Section 3.1.

2.5.1 Identification of the weir complex’s functions

According to the Dutch National Water Program, wet infrastructures in the Netherlands have four primary
purposes: (1) ensuring sufficient water, (2) flood risk reduction, (3) clean and healthy water, and (4)
efficient and safe water transport, each with specific usage functions. Understanding how the weir complex
fulfils these purposes allows for the identification of its principal, preserving, and additional functions. For
a general overview of the primary purposes and their functions, see the report (Ruijgh, de Jong, & Kramer,
2021). The primary purposes and their corresponding functions at complex Sambeek are explained below.

(1) Ensuring sufficient water (Dutch: ‘Voldoende water’)
The motivation behind the construction of the weir complexes was to ensure sufficient water levels for
navigation. This function algins with the primary purpose ‘ensuring sufficient water’. Additionally, over
time, other systems have become dependent on the current target water levels, which contributes to the
necessity of ensuring sufficient water levels. Hence, the principal function of the weir complex is:
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Principal function
e Maintain sufficient river water levels for navigation, industrial, and drinking water purposes, as
well as maintaining the intake, drainage, and groundwater table of the surrounding region

(2) Elood risk reduction (Dutch: ‘Waterveiligheid”)
The weir complex does not directly fulfil the primary purpose of ‘Flood risk reduction’. However, the
surrounding dike infrastructure does so, and these infrastructures are designed for the current weir
management. Therefore, the flow capacity of the weir complex must be sufficient to accommodate the
river’s current flow during normal, high, and peak river discharges. Given that the existing combined Poirée
and Stoney weirs and the dike infrastructure remain unchanged in this report, the weir complex has the
following preserving functions:

Preserving functions related to flood protection:
e Enable the passage of non-flood river discharges
e Enable the passage of peak river discharges

(3) Clean and Healthy water (Dutch: ‘Schoon en gezond water’)

This purpose refers to the water quality of the river, the habitats of the river species, and the fish migration
routes. The ecological channel aims to fulfil this purpose by creating lotic habitats at the weir complex, and,
if impossible, accommodating fish migration. The existing fish passage contributes to this purpose by
enabling semi-natural fish migration through the weir complex. The existing weirs contribute to this
purpose by periodically opening and allowing sediment transport through the weir complex, which aids in
maintaining the river’s sediment balance. The sediment balance is crucial for the ‘Clean and Healthy water’
purpose, as its disruption leads to the ecological short comings described in Subsection 1.2.3.

Since the ecological channel is a new addition to the existing weir complex, its functions are categorized
as additional functions, while the functions of the fish passage are categorized as preserving functions. The
functions are shown below.

Preserving functions related to fish migration
e Accommodate the upstream migrating fish through the weir complex for non-flood river discharges
e Accommodate the downstream migrating fish through the weir complex for non-flood river
discharges

Preserving functions related to sediment transport
e Enable the periodic passage of sediment through the weir complex.

Additional functions
e Create lotic habitats along the river, which can facilitate the growth of the target river species during
the critical reproductive months of the river species

Purpose 4: Efficient and safe water transport (Dutch: ‘Vlot en veilig verkeer over het water”)
The weir complex, particularly the navigation locks and the Poirée weir, contribute to the primary purpose
of ‘Ensuring safe water transport’. These subsystems enable the passage of ships through the weir complex.
Given that the existing Poirée weir and navigation locks remain unchanged in this report, the weir complex
has the following preserving functions:

Preserving functions related to navigation
o Enable the passage of ships through the weir complex for non-flood river discharges

18



3. Basis of design

3. Basis of design

Based on the system analysis, the basis of design is constructed for the case study location Sambeek. This
chapter forms the basis for the functional-spatial design in Chapter 4.

3.1 Functional requirements

Based on the functional analysis in Section 2.5, the functional requirements are divided into six categories:
weir management, navigation, flood protection, fish migration, lotic habitats, and sediment transport.
However, as stated in Subsection 1.3.2, the river’s sediment transport is not considered in this report,
indicating that no sediment transport requirements are needed. Therefore, the remaining requirements that
will be taken into account for the weir complex design are divided into five categories: weir management,
navigation, flood protection, fish migration, and lotic habitats.

3.1.1 Weir management requirement

The principal function of the weir complex is to maintain sufficient water levels in the river for various
systems during the river discharges when regulation is needed. This is achieved by maintaining the current
target water levels in the river, as shown in Section 2.3. The corresponding requirement is:

o The current target river water levels (Dutch: ‘stuwpeilen’) at the measurement points Sambeek-Boven
and Well-Dorp must remain unchanged.

3.1.2 Navigation requirements

The navigational preserving functions refer to the safe passage of the ships on the river and through the
weir complex during non-flood river discharges. This is achieved by ensuring suitable flow conditions in
the river and at the weir complex. The flow conditions are based on a representative reference vessel and
the design rules outlined in the waterway guidelines report (Rijkswaterstaat, 2020). The navigation
requirements are:

1. The reference vessel must safely pass the weir complex for discharges below 1300 m*/s using
the locks.

2. The reference vessel must safely pass the weir complex for river discharges between 1300 m®/s
and 1600 m%/s using the fully opened Poirée weir.

3. The reference vessel must safely navigate the river for river discharges below 1600 m®/s.

The guidelines specify dimensional and hydraulic requirements for the river, weirs, navigation locks, and
mooring areas to ensure safe passage for ships. Since these subsystems and the current target water levels
remain unchanged in this report, it is assumed that these requirements are met for the new situation, as they
are already satisfied for the existing situation. Therefore, the navigation requirements are not verified in
this report, provided that the implementation of the ecological channel does not influence any of these
subsystems.

3.1.3 Flood protection requirements

The preserving functions related to the flood protection of the weir complex refer to providing sufficient
flow capacity for the river discharges. The governing extreme discharge for the weir complex is 3800 m%/s.
The flood protection requirements are:
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1. The total flow capacity of the weir complex must be sufficient to accommodate non-flood river
discharges (Qriver < 1600 m3/s) without using the surrounding floodplains.

2. The total flow capacity of the weir complex, including the surrounding floodplains, must be
sufficient to accommodate the governing extreme flood discharge of 3800 m?/s.

Since the river, weirs, flood plains, and the current target water levels remain unchanged in this report, it is
assumed that the flow capacity requirements of the weir complex are met for the new situation, as they are
already satisfied for the existing situation. Therefore, the flood protection requirements are not verified in
this report, provided that the implementation of the ecological channel does not influence the river’s water
levels.

3.1.4 Fish migration requirements

The preserving functions of the weir complex related to fish migration refer to a fish passage that enables
fish to safely navigate the water level difference between the upstream and downstream side of the weirs
during river discharges when they are closed. Fish can pass through the open weirs during higher river
discharges. This is achieved with a findable and passable fish passage (Coenen, Antheunisse, Beekman, &
Beers). The corresponding requirements to achieve such a passage are:

1. The findability of the fish passage’s inlet and outlet (upstream and downstream entrances) must be
sufficient for upstream and downstream migrating fish species for river discharges below 1300
3
m®/s.
2. The passability of the fish passage and its entrances must facilitate free, continuous, and safe
upstream and downstream movement of the fish species for river discharges below 1300 m?/s.

There are no strict flow or dimensional requirements to achieve a findable and passable fish passage.
Instead, the report (Ghodrati, 2021) provides optimal target values to maximize the efficiency of the fish
passage. However, it indicates that deviating from these values does not necessarily result in a non-
functional fish passage, rather it reduces its efficiency while still maintaining its functionality. At a certain
point, when the efficiency reaches a minimum threshold, the fish passage is considered non-functional in
this report due to its poor condition. These minimum threshold values are considered strict requirements,
while the most optimal values are taken as the ideal target values.

Overview of the fish passage’s findability conditions

The main criteria for the fish passage’s findability depend on the positioning of its outlet and its luring
current. The criteria are described in Appendix D.1 and the corresponding strictly required and striving
target values are summarized in Table 7. It should be noted that both the geometrical and hydraulic target
values in the report (Ghodrati, 2021) are constructed for pool-and-weir/slot fish passages (Dutch: ‘Bekken
vispassages’). However, for this report these values are applied to all considered fish passage types.

Table 7: Findability requirements and target values for the fish passage’s inlet and outlet (Ghodrati, 2021). " (Coenen, Antheunisse,
Beekman, & Beers)

Parameters Target values Required values

Outlet’s position downstream of = L, 116t gistance = 0m Loutiet distance = 10m
barriers with turbulence

intensities below 1300 W/m?

Outlet’s position downstream of  In line with the fish migration line

barriers with turbulence

intensities above 1300 W/m?

Outflow velocity Uoutfiow = 1.0m/s” 0.25 < Upytfiow < 1.75m/s
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Outflow rate Qoutflow = 5-10% of the river’s
discharge during the fish migration
period
Direction luring current Parallel to river’s flow or 0° to < 90° to the river’s flow

river’s flow
Transition of the fish passage to = Should be a gradual transition with a maximum slope ratio of 1:2
riverbed and vice-versa
“Applies if the fish passage does not have the highest flow rate at the complex

Overview of the fish passage’s passability conditions

The passability of the fish passage depends on the flow conditions within it, which are determined by the
geometrical and hydraulic dimensions of the passage. These dimensions are described in Appendix D.2.
The corresponding required and target values are summarized in Table 8 and Table 9.

Table 8: Minimum geometrical target values for the representative Europese Meerval fish (Ghodrati, 2021)

Parameters Target values for Europese Meerval | Required values for
Europese Meerval

Water depth in flow openings Rminopening = 2 " Hyis = 0.52m >0.26 m

Width of flow openings Brinopening = 3 * Dyis = 0.72m >0.36 m

Water depth in pools hminpoot = 2 - Hyis = 0.52m >0.26 m

Length of the pools Lminpoot = 3 " Lyis =4.8m >24m

Table 9: Target hydraulic dimension values for the Brasem fish zone (Ghodrati, 2021).

Parameters Target values for Brasem fish zone  Required values
for Brasem fish
zone

Water level difference over weir/slot Ah £0.10m <0.15m

Maximum flow velocity over weir/slot Unmaxweir < /29 Ah=1.4m/s <1.7m/s
Maximum flow velocity in fish passage  upmaxpassage < 1.0 m/s
Minimum flow velocity in fish passage Umin,passage = 0.2 m/s

Average flow velocity in the fish passage Q m <1.0m/s
Uavgpassage = Z ~ 0.5 ?
Bottom substrate layer thickness 20 cm of rough substrate layer
Maximum bottom flow velocity over & <0.7m/s
weir/slot y Upottommax = —o— < 0.45m/s
E issipation the fish *g-Q-Ah <1 3
nergy dissipation the fish passage e p-g-Q <100 W/m? = 50 W/m

|7

pool—like strucure

3.1.5 Lotic habitat requirements

The additional function of the weir complex is to restore lotic habitats in the river Meuse, which can enable
the growth of the target river species. This is achieved by creating suitable water depths, flow velocities,
bed compositions, and water temperatures within the channel. (Vriese, et al., 2021) provide a general list
of the required values of these criteria. Temperature is not considered in this report due to certain challenges
in practical implementation. Thus, the requirements to restore lotic habitats in the ecological channel are:

1. The channel must provide a continuously available range of suitable water depths during the critical
reproductive months of the target river species.
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3. Basis of design

2. The channel must provide a continuously available range of suitable flow velocities during the
critical reproductive months of the target river species.

3. The channel’s bed composition must consist of sand, gravel, stones, and (submerged) vegetation.

4. The channel must maintain a stable bed, ensuring no excessive erosion or sedimentation.

The required flow conditions

The required flow conditions are divided into three groups. The first group focuses on the requirements for
the aquatic plants, macro-fauna, and adult fish. The second group focusses on the requirements of fish
during their spawning and larval stage, while the third group focusses on fish during their juvenile stage.
To simplify the design of the channel, the conditions for the first group are primarily met in the thalweg of
the ecological channel, while the conditions of the other groups are primarily met in the bank area. Figure
15 provides an impression of channel’s thalweg and bank area. The required flow conditions for the
channel’s thalweg and bank area are given in Table 10.

Table 10: The required flow conditions for the ecological channel's thalweg and bank area (Vriese, et al., 2021)
Parameters Required flow conditions for the channel’s thalweg
Minimum water depth Omin thaiweg = 0.80 M
Minimum flow velocity = Uminthaiweg = 0.10 m/s
Maximum flow velocity = Umaxthaiweg = 1.0 m/s

Required flow conditions for the channel’s bank area
Minimum water depth Omin bankarea = 0.2 M
Maximum water depth Omax bankarea = 1.5 mM
Minimum flow velocity  Uminbankarea = 0.0 m/s
Maximum flow velocity = Umaxpankarea = 0.5 m/s
Required bed composition for entire channel
Bed composition must consist of sand, gravel, stones, and (submerged) vegetation

The thalweg's required flow conditions:

« d.minthalweg = 0.80 m
: « uminthalweg = 0.10 m/s
Ecolsgioal chanmel
« umax,thalweg = 1.0 m's

1 The bank area's required flow conditions:

« d.minbankarea= 0.2 m
« d.max.bankarea= 1.5 m
« u.min.bankarca = 0.0 m/s
« u.max.bankarca = 0.5 m's

The channel’s inlet and outlet requirements

To achieve a variety of flow conditions within the channel, a variable inflow rate is required. This
necessitates the use of an adjustable intake structure at the channel’s inlet, especially since the river water
levels upstream of the channel remain relatively consistent during lower river discharges (Qriver < 1000 m¥/s,
see Table 11). Accommodating fish passage through both the channel’s inlet and outlet is beneficial, as this
can support a larger fish population in the channel, which can contribute to a more diverse ecosystem.
Accommodating fish passage through the channel’s inlet can be achieved by either making the intake
structure fish passable or by constructing a separate fish passage. Both options must meet fish passability
requirements as shown in Table 8 and Table 9. For accommodating fish passage through the channel’s
outlet, it must also meet the passability requirements as shown in these two tables.
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3. Basis of design

Furthermore, it is crucial to ensure that the functioning of the channel does not negatively impact the
navigability of the weir complex, the local water levels, or the distribution of the available river discharge.
The navigability of weir complex can be influenced by the position of the channel’s outlet and its outflow
velocity, which can lead to unwanted cross-currents. The local water levels at the weir complex can be
elevated by the backwater effects of the intake structure, which can have negative consequences for the
current elevations of the surrounding area. The discharge distribution is influenced by the intake structure’s
ability to limit its flow capacity when needed. These considerations lead to the following requirements:

1. An adjustable intake structure is required to provide continuously varying inflow rates within the
channel

2. The channel’s inlet must accommodate free, continuous, and safe upstream and downstream
movement of the fish species during the critical reproductive months

3. The channel’s outlet must accommodate free, continuous, and safe upstream and downstream
movement of the fish species during the critical reproductive months

4. An adjustable intake structure is required to regulate the inflow rate during low river discharges,
ensuring consistent and sufficient flow rates for the lock management, potential leakage losses, and
the existing fish passage

5. Cross-currents resulting from the outflow rate and velocity of the channel must be minimized to
ensure the navigability of the weir complex and the river

6. The intake structure must not result in unwanted river water elevations that can reduce the current
discharge capacity of the weir complex

3.2 Evaluation criteria

The evaluation criteria are used to select the most optimal design concept for the project’s objective, which
in this case is to choose the intake structure that best facilitates the passage of fish. The determined criteria
directly indicate the intake structure’s ability to safely and effectively accommodate all the present fish
species.

Efficiency in accommodating fish passage

The descriptions of the fish passages indicate that the technical fish passages are more resistant to varying
water levels and require less space compared to semi-natural fish passages. This makes them more efficient,
as their resistance ensures suitable flow conditions for longer periods, and their shorter length reduces the
distance fish must travel, potentially lowering their required effort. In contrast, semi-natural fish passages
are susceptible to water level variations, which reduces their reliability and thus efficiency. In addition,
their effectiveness is sensitive to their execution, especially for the VV-shaped and cascade passages.

Ability to accommodate a range of fish species

The vertical-slot fish passage accommodates fish throughout the water column, allowing them to move at
their preferred depth. The De-wit fish passage operates closer to the bed of the passage. The fish slope with
setting stones is more suitable for larger and stronger swimmers. The shape of the VV-shaped pool-and-weir
passage provides better swimming opportunities for the smaller and weaker swimmers compared to the
cascade passage.

Maintainability

Technical fish passages are easier to maintain compared to semi-natural fish passages. The V-shaped pool-
and-weir and the cascade fish passages require significant maintenance and monitoring to maintain its
functionality, while the vertical-slot and De-Wit fish passage are easily monitored and maintained.
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3. Basis of design

3.3 Boundary conditions at complex Sambeek

This section provides the physical and hydraulic boundaries of weir complex Sambeek, which serve as
design parameters during the functional-spatial design process. The boundary conditions include the (1)
ground levels of the surrounding floodplains, the (2) river’s bed elevations, (3) flow rate, and (4) water
levels.

(1) Ground level of the project area

The Zandmaas or Terrassenmaas consists of terraces of varying heights, separated by terrace edges. The
project area and the river’s floodplains lie in the most recently formed terraces, the Holocene riverplain,
which has a ground level of approximately NAP+12.0 m, see Figure 16. The east border of the project area
is a trench-shaped path with a ground level of roughly NAP+11.0 m, which is known as the Heijense
Leijgraaf channel. The inlet of this channel lies upstream of complex Sambeek and its outlet lies in the
Oude Maas meander, which was formed during the canalisation of the river Meuse. Currently, the meander
is only connected to the river Meuse on its upstream side, while the downstream side is dammed and
reserved for recreational use. East of this channel lies the edge for one of the older terraces, on top of which
river dunes are located (DLG, 2007). This area has a ground level between NAP+14 m and NAP+16 m, see
Figure 16. For more detailed information of the project area, see the report (DLG, 2007).

Based on the topography description, it is assumed that average ground level of the surrounding floodplains,
both north and south of the complex, are equivalent to the Holocene riverplain, which is NAP+12.0 m.
Similarly, it is assumed that the average crest level of the winter dikes along the floodplains are equivalent
to the older terraces, which is NAP+14.0 m.

Outlet Heljlenre
Leigraaf

* Oude Maas
meander

' 1 B O L ey T \' X
Hri.éﬂuv . '-_'-' T u -

- . -
Figure 16: Topography map [left] and elevation map [right] of the floodplains north of complex Sambeek (DLG, 2007)
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(2) River’s bed elevations

The river’s bed elevations at potential locations for the inlets and outlets of the ecological channel are
critical parameters for its design. These bed elevations are estimated from the longitudinal profile of the
river Meuse, shown in Figure 17. Using this figure, it is estimated that the riverbed just upstream of the
combined Poirée and Stoney weirs until the position RKM 145 has an average bed elevation of NAP+3.5
m, while the riverbed just downstream of the weirs until RKM 150 has an average bed elevation of NAP+2.4
m. It is assumed that this estimated average bed elevation downstream of the weirs also applies in the Oude
Maas meander. The areas with these estimated bed elevations, both upstream and downstream, are shown
in Figure 18. These are the only areas considered for potential inlet and outlet locations for the ecological
channel.

NAP elevation

Weir complex Sambeek

y

4

NAP+3 5m

NAP+2 dm

2

145 150 RKM

Figure 17: Longitudinal profile of the river Meuse from which the riverbed elevations upstream and downstream of weir complex
are estimated (waterpeilen.nl, 2021)

\
Figure 18: The considered upstream and downstream areas for potential inlet and outlet locations of the ecological channel and
fish passage (Rijkswaterstaat, 2023)

(3) River’s flow rate

During the critical reproductive months of the target river species

The river’s flow rate, in combination with the weir management, determines the water levels in the river.
These two factors are critical parameters for the design of the ecological channel, especially during the
critical reproductive months (March to September).

25



3. Basis of design

According to the report by (Vriese, et al., 2021), the river Meuse has an average discharge of approximately
100 m*/s during the months April to October. This period includes the summer months (June to October),
during which river discharges often drop to 50 m*/s and reach critically low levels of 25 m®/s. Despite these
low levels, during this period river discharges can typically reach up to 250 m®s and may even have extreme
peaks of 3300 m®/s. However, these extreme peaks are not considered for the design of the channel, as the
entire weir complex is non-operational during such discharges. Therefore, the river’s discharge range for
which the ecological channel must be functional is 25 — 250 m%/s.

However, a continuous discharge is required for the lock management and the fish passage at the weir
complex. Lock management requires a minimum discharge of 20 m*/s. During a critical low river discharge
of 25 m%s, it can suffice with a discharge of 15 m*/s (Vercruijsse, et al., 2021). The fish passage is designed
for an inflow rate of 4 m®/s, yet 5 m%s is kept available for it. Thus, the minimum available discharge for
the ecological channel is 5 m®/s.

During the non-critical reproductive months

Aside from the critical reproductive months, the required flow conditions of the ecological channel are
aimed to be continuously maintained. The entire weir complex becomes non-operational for river
discharges exceeding 1600 m*/s. Thus, the design of the entire weir complex is described until this point.

(4) River’s water levels

The measured river water levels are a critical parameter in the design of the ecological channel, as it
influences its inflow rates, water depths, and flow velocities. The specific water levels used in the design
process depends on the location of the inlet and outlet of the ecological channel. It is assumed that the water
levels in the upstream area of potential inlet locations for the ecological channel and fish passage
corresponds to the water levels measured at Sambeek-Boven (first upstream publicly known measurement
point), while the water levels in the downstream area of potential outlet locations correspond to the water
levels measured at Sambeek-Beneden (first downstream publicly known measurement point).

Table 10 shows the measured water levels at these two points for various river discharges. These water
levels are used for the design of the ecological channel. The table also shows the percentage with which
these water levels are exceedance per year. The available discharge refers to the river discharge after
subtracting the reserved discharge for the lock management, the existing fish ladder, and potential leakage
losses.

Table 11: The measured flow rates and water levels at Sambeek-Boven and Sambeek-Beneden (measurements provided by Royal
HaskoningDHV). The frequency for which the water levels are exceed is expressed in the total numbers of days per year and the
total percentage per year.

River’s Reserved = Available = Water levels | Water levels | 4h  #Days % days
discharge discharge discharge at Sambeek- @ at Sambeek- [m]  water water
Qriver [m3/s] Q[m’s]  Boven Beneden levels levels
[m3/s] exceeded = exceeded
25 20 5 NAP+10.85m  NAP+7.76m 3.09 272 75%
<50 25 25 NAP+10.85m  NAP+7.76m 3.09 272 75%
125 25 100 NAP+10.87m  NAP+7.82m 3.05 188 52%
250 25 225 NAP+10.86m  NAP+8.0m 2.86 109 30%
500 25 475 NAP+10.82m NAP+8.62m 22 47 13%
1000 25 975 NAP+10.85m  NAP+10.27m 058 9 3%
1250 25 1225 NAP+11.57m  NAP+11.08m 049 4 1%
1627 25 1602 NAP+12.44m NAP+12.16m 0.28 - -
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4. Functional-spatial design

This chapter develops the functional-spatial design of the ecological channel, including its intake structure
and fish passage. The main goal of the ecological channel and its intake structure is to create lotic habitats
at the weir complex, while the goal of the fish passage is to enable fish movement through the channel’s
inlet. To simplify the design process, the chapter is divided into four sections:

Section 4.1. Design of the ecological channel for lotic habitat formation:
This section provides the necessary channel dimensions and parameters for creating lotic
habitats.

Section 4.2. Design of the fish passable intake structure:

This section focuses on designing the intake structure that enables the required inflow rates, as
determined in the previous step, while also facilitating upstream and downstream fish
movement.

Section 4.3. Final combined design of the ecological channel (including the intake
structure)
In this section, the channel design and selected intake structure design are integrated with the
existing navigation locks, mooring areas, and combined Poirée and Stoney weirs to form a
cohesive weir complex design for the creation of lotic habitats

Section 4.4. Evaluation of the ecological channel’s function as a fish passage:
This section evaluates whether the ecological channel can effectively serve as a fish passage
for the entire weir complex by fulfilling the fish migration requirements shown in Subsection
3.1.4 and potentially reducing the number of subsystems at the complex.

4.1 Design of the ecological channel for lotic habitat formation

4.1.1 Approach for the design of the ecological channel

This section provides the necessary channel dimensions and parameters for creating lotic habitats. The
channel dimensions and parameters have interdepended relationships. One channel design is developed by
adjusting these parameters until a combination is found that meets the required flow conditions shown in
Subsection 3.1.5. Due to the interdependent relationships between the channel parameters, this adjustment
process is iterative and is achieved with the following steps:

Step 1: Describing the channel’s hydraulic processes with equations
The channel’s parameters have interrelated relationships, particularly in determining the water depths and
flow velocities. This step provides the hydraulic equations used to describe these relationships.

Step 2: Inventorying the channel’s parameters
The hydraulic equations used to design the ecological channel incorporate various channel parameters. This
step provides an inventory of these parameters.

Step 3: Selection of the initial channel parameters
The parameters require several initial values, to start the iterative adjustment process between the equations
and channel parameters.

27



4. Functional-spatial design

Step 4: Verifying the initial flow conditions
In this step, the initial channel parameters are used to determine the initial flow conditions, which are then
verified against the flow requirements.

Step 5: Determining the most impactful channel parameters (Sensitivity analysis)

The initial channel parameters are iteratively adjusted to find a parameter combination that best meets the
required flow conditions. These adjustments are based on a sensitivity analysis that identifies the most
impactful parameters, which are prioritized for adjustment. This step provides the sensitivity analysis

Step 6: Determining the final channel parameters values
After iteratively adjusting the most impactful channel parameters, the final parameter combination is
determined. This step provides these final parameter values.

Step 7: Verifying the final flow conditions
In this step, the identified parameter combination is used to determine the channel’s flow conditions. These
flow conditions are then verified against the flow requirements.

Step 8: Developing the final ecological channel design
This step provides a visual overview of the channel’s final conceptual design.

4.1.2 Step 1+2: Inventorying the channel parameters used in the hydraulic

equations
The relationships between the channel’s parameters are described by three fundamental hydraulic
equations, which are outlined in Appendix E. These equations determined the following parameters:

e The channel’s water depth is determined with the Belanger equation.

e The channel’s bed roughness is determined with the White-Colebrook equation using the channel’s
bed material.

e The critical flow velocity, indicating the start of the sediment transport for the channel’s bed
material, is determined with the Shields equation.

These equations incorporate various channel parameters, an overview is given in Table 12.

Table 12: Simplified overview of the channel parameters and their dependencies.

Channel’s parameters Symbol Dimensions Depends on
Flow conditions

Water depth ds m Qeco, Lenannel, 42, A, P, Be, Ct, Onso
Inflow rate Qeco m®/s ds, Cq, Pweir, Buweir, Oriver
Depth averaged flow velocity Uavg m/s Qeco, A

Longitudinal dimensions
Channel’s length Lchannel m Available space of the project area
Channel’s bed level difference Az m Channel’s inlet and outlet bed levels
Bed sIope ib - Lchannel, 4z

Cross-sectional dimensions

Channel’s bottom width Bhottom m -
Channel’s height y m -
Wet cross-sectional area A m? ds, Bhottom, Y
Wet perimeter P m ds, Boottom, Y
Channel’s water surface width Bc m ds, Bbottom, Y
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Hydraulic radius R m ds, Boottom, Y
Bed parameters

Nominal diameter of bed material  dnso m Bed material
Friction coefficient C - ds, cross-sectional dimensions, dnso
Critical flow velocity of the U, m/s dnso, We, Cr, 4
channel’s bed material
Relative submerged density A - Bed material
Critical Shields parameter We - Value based on literature

River parameters
River’s downstream water level dsc m Project’s boundary conditions

4.1.3 Step 3: Selection of initial channel parameters

This subsection focuses on determining initial channel parameters to form the initial channel design. These
values are selected based on engineering judgement to reduce the number of parameter combinations that
need to be evaluated in the following subsection. The channel parameters for which initial values are
selected, are:

1. Channel’s inlet and outlet location 2. Nominal diameter of the channel’s bed material
3. Channel’s length 4. Channel’s cross-sectional shape and dimensions
5. Channel’s inlet and outlet bed levels 6. Channel’s inflow rate

1. Initial channel’s inlet and outlet location
The locations of the channel’s inlet and outlet position are crucial for its design, as they affect the findability
of the ecological channel by the fish species. As stated in Section 2.2, the ecological channel can be located
either north of the weir complex (area next to the Poirée weir) or south of the weir complex (area next to
the navigation locks). Typically, the flow over the weirs is larger compared to the flow through the
navigation locks, meaning the fish are primarily attracted to the weirs. Therefore, the ecological is located
in the project area north of the weir complex (next to the Poirée weir), see Figure 19.

Outlet locations

Outlet location 1

For optimal findability, the outlet of the ecological channel should align with the weirs, see Table 7. If this
is achieved, it can be assumed that the fish are naturally drawn towards the weirs and, consequently, towards
the outlet of ecological channel. This makes the target ratio between the fish passage’s outflow rate and
river’s flow rate less crucial, given there is a sufficient outflow velocity. Thus, aligning the outlet with the
weirs leads to a potential outlet location, see Figure 19.

Outlet location 2

Aligning the outlet with weirs may limit the channel’s length. Hence, the channel’s outlet can be situated
further downstream. To ensure an adequate findability for the fish, the channel’s outflow must maintain the
target outflow rate of 5-10% of the river’s flow during the migration period and an outflow velocity of
approximately 1.0 m/s. In addition, the channel’s outlet should be located within the main flow of the river.
Therefore, for a potential location, the outlet can be positioned along the north bank of the river. The
outermost location just before the Oude Maas Meander is chosen as a potential outlet location, as it allows
for a longer channel length, see Figure 19.

Outlet location 3
Having a sizeable channel length is favourable, as it allows for more space for habitat formation. By
prioritizing a larger channel over providing an adequate findable outlet for fish, the channel’s outlet can be
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positioned along the bank of the Oude Maas Meander. In the (DLG, 2007) report, the outlet of the Afferden
by-pass channel, which focusses on habitat creation, is located just south of the outlet of the Heijense
Leijgraaf stream. Using this as a reference, the location is chosen as a potential outlet location, as shown in
Figure 19.

Ve

Outhet location 3
In the Oude Mans
meamder

Oatlet location 1: aligoed
with pudrve welr

Figure 19: Potential outlet locations for the ecological channel (Google earth, 2022)

Inlet location

There is no specified inlet distance from the weirs to ensure a findable inlet for the fish. Therefore, potential
locations include one that aligns with the current inlet distance, which is 60 m upstream of the weirs.
Another potential location aligns with the inlet of the Afferden by-pass channel, which is situated just
upstream of the ferry-way. Both inlet locations are shown in Figure 20.

Inbot location 1 08 m
upstrenm of poiree weirs

s Inbet locatiom 2: Aligned
with the stream upstream

s00gle Earth

Figure 20: Potential inlet locations for the ecological channel (Google earth, 2022)
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2. Initial channel’s length

The channel length refers to the distance along the channel’s path, including any meandering. Using the
potential channel inlet and outlet locations defined earlier results in six potential channel lengths. A sizeable
channel length is favourable, as it allows for more space for habitat formation. Considering this, inlet
location 2 and outlet location 3 would be selected, resulting in a channel length of 4 km. However, outlet
location 3 has a poor findability for the fish, which could negatively affect the fish population within the
channel. Therefore, to ensure adequate outlet findability while still maintaining a sizeable channel length,
inlet location 2 and outlet location 2 are chosen. The channel length is estimated using Google Earth, as
shown in Figure 21. This estimated length is 3.5 km. The channel’s path is arbitrarily chosen and includes
some meandering.

Inlet location 2: Aligned
with the stream upstream
of the ferry-way

Gobgle Earth
' ’ 500 m
Figure 21: An approximation of the initial maximum channel length (Google earth, 2022)

3. Initial channel’s inlet and outlet bed elevations

The bed elevations at the channel’s inlet and outlet determine the total bed level difference (4z) between
these two points. This bed level difference, along with the channel’s length, determines the channel’s bed
slope, which is a critical channel parameter. A steeper slope results in higher flow velocities, which must
be limited. Due to the natural slope of the channel, the channel’s bed is higher at the inlet and lower at the
outlet. To compensate for this elevation difference, the inlet’s bed elevation is positioned 1.5 m below the
lowest upstream river water level. The outlet’s bed elevation is positioned 0.55 m below the lowest
downstream river water level, as this is the minimum target water depth, including some margin for error,
for a passable fish passage (see Table 8). This results in a bed elevation of NAP+9.35 m at the channel’s
inlet and a bed elevation of NAP+7.21 m at the channel’s outlet. Additionally, to improve the channel’s
findability, there should be a gradual transition from the riverbed to the channel’s bed and vice-versa, see
Table 7. An impression of the channel’s longitudinal bed profile is shown in Figure 22.
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Figure 22: Impression of the ecological channel's initial longitudinal bed profile

4. Initial nominal diameter of the channel’s bed material

The bed materials refers to the composition of the channel’s entire bed, which is used to determine its
nominal diameter (dnso). This is a critical parameter since it determines the channel’s bed resistance (bed
friction), which is crucial to determine the channel’s flow conditions. The project area lies in the Holocene
riverplain, which typically consists of a 2- to 3-meter-thick layer of silty to sandy clay, underneath which a
layer of medium-coarse sand to coarse sand with gravel lies (DLG, 2007). The initial inlet and outlet bed
elevations lie in the medium-coarse to coarse sand with gravel layer, see Figure 23. This indicates that the
entire channel lies in this layer.

NAP+120m

2- 3 m layer with sity o sandy clay
NAP+9 5 m

,,,,,,,,,,,,,,,, — NAF+9.35 m (nlet's bec elavation)

| NAP+7 21 m (outiet's bed elavation)

Ayer with medium coarse sand
to coarse sand with grave!

Figure 23: The natural bed composition of the channel's inlet and outlet location

The medium-coarse sand to coarse sand with gravel layer is divided into three groups. Group 1 consists of
the medium-coarse sand. The coarse sand with gravel is divided into group 2 and 3, where group 2 contains
coarse sand and group 3 contains medium coarse gravel. The nominal diameter for this layer is calculated
by finding the average particle diameter across all three groups. The particle size ranges for the different
types of sediment are given in the report (Voorendt, 2023). The nominal diameter calculation is shown in
Figure 24.

particle size fraction Group 1: Medium coarse sand [T
from to Particle size range : 210 pm - 300 pm
- 2 pym lutum Average particle size  : 255 pm = 2,55°10 "m
2 ym 63 pm silt
63 ym 105 ym very fine sand Group 2: Coarse sand
105 pm 150 ym fine sand Particle size range : 300 pm - 420 pm
150 ym 210 um medium fine s.a_nd Average particle size  : 360 pm = 3.60- 10 m
210 um 300 um i
300 pm 420 ym coarse sand Group 3: Medium coarse gravel [
420 pm 2.0 mm ‘very ﬁoarse sand Particle size range ;5.6 mm - 16 mm
:> 2.0 mm 56 mm fine gravel Average particle size = 10.8 mm = 10.8:10"m

mm 16.mm med
16 mm 63 mm course gravel Average of all groups: D 4 4 3
63 mm 200 mm pebbles / cobbles’ Average particle size  : 2.55:10 "+ 3.60-10 "+ 10.8-10 =3.8I-|1f3|||
200 mm 630 mm boulders q
630 mm X blocks Corresponds to particle size range for : fine gravel

Figure 24: Determination of the average particle diameter for the channel’s bed composition (Voorendt, 2023)
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The nominal diameter (dnso) is 1.2 times smaller than the average diameter (dso) (Schiereck & Verhagen,
2019). Therefore, the estimated nominal diameter for the ecological channel’s bed material is:
ds, 3.81-1073

= . -3
dnso = 75 = 3.18-10"3m

5. Channel’s initial cross-sectional shape and dimensions

Cross-sectional shape

The ecological channel aims to replicate natural river dynamics, which is best achieved with a natural
channel, as this maintains natural flow patterns. A natural channel is non-prismatic, resulting in varying
cross-sectional shapes and dimensions. For design purposes, the natural cross-section is simplified to a
standard shape, such as rectangular, trapezoidal, or semi-circular. Among these shapes, the semi-circular
shape has the highest hydraulic efficiency but is also the hardest to construct. The trapezoidal shape, while
slightly less efficient, is much easier to construct. Therefore, a compound trapezoidal shape is selected to
approximate a natural channel shape. Figure 25 shows this approach of a compound trapezoidal shape
approximating a natural channel shape.

- j\/ |

Water surface width

y_bank

a_bank Bhottom

Figure 25: A compound trapezoidal cross-section shape approximating a natural channel cross-sectional shape (Sullivan, Lisle,
Dolloff, Grant, & Reid, 1987)

Cross-sectional dimensions

The compound trapezoidal cross-section is divided into three steps with heights of 0.5 m, since it can give
more opportunity of exposed bank areas. With these step heights and the selected channel bed elevations,
there is still an area between the channel and the surrounding flood plains. The depth of this area depends
on the channel’s elevation and the ground elevation of the surrounding floodplains. This area is referred to
as ‘bank area extra’. In addition, limiting the thalweg’s height to 0.5 m results in a water depth of 0.3 m on
the first bank area step for the minimum water depth of 0.8 m, which satisfies the minimum bank area water
depth requirement.

The initial bottom width (Buotom) O the channel is set at 20 m. The bank area’s step width have a width of
5 m (apank). These values are arbitrarily chosen. In addition, the side slopes of the compound trapezoidal
channel are all equal and have a ratio of 1:2. This is based on the Afferden by-pass channel. Figure 26
shows the channel’s initial cross-sectional dimensions.

Flood plan slevalion = NAP+12 m Flood plan akevalon = NAP+12m
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Figure 26: Initial compound trapezoidal cross-sectional dimensions
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6. Channel’s initial inflow rate
Using the concept description of the ‘stuwgeul’ in the report by (Vriese, et al., 2021), an initial inflow rate
range of 5 to 50 m%/s is selected (Qeco) for the ecological channel. The dimensions and type of the intake
structure determines its inflow rate. However, in determining the optimal parameter combination for the
channel that leads to the required flow conditions, only inflow rates are considered and not the intake
structure itself. This approach is taken to simplify the iterative process, as focussing only on the inflow rate
reduces the number of parameters. The intake structure is designed in Section 4.2.

Overview of the initial channel parameters
An overview of the initial channel parameters is shown in Table 13.

Table 13: Overview of the initial channel parameters values

Chosen parameters Symbol Value

Inflow rate range Qeco 5—50 m¥s

Channel’s length Lchannel 3500 m

Bed level at channel’s inlet NAP+9.35 m

Bed level at channel’s outlet NAP+7.21 m

Bed level difference between channel’s inlet and outlet Az 2.14m

Nominal diameter of project’s area bed material dnso 3.18-103m

Channel bottom width Bhbottom 20 m

Thalweg’s step height Vthalweg 0.5m

Bank area’s step width Apank 5m

Bank area’s step height Ybank 0.5m

Channel’s side slope Mside_slope 2

Channel’s bed slope ip = - Az 7.725 -10*
channel

4.1.4 Step 4: Verifying the initial flow conditions

The initial channel parameters are used to determine its initial flow conditions, which are then verified
against the flow requirements of Subsection 3.1.5. The flow conditions are first determined for uniform
flow, which represent a simplified ideal situation where the channel’s flow depth, flow velocity, and flow
rate are constant throughout the channel. In reality, the channel experiences non-uniform flow due to
external influences of the river, variations in the channel’s geometry, and variations of the channel’s bed
material (bed friction). It is assumed that if the flow conditions are not achieved for the simplified ideal
situation (uniform flow), they most likely cannot be achieved for the actual more complex flow situation in
the channel. Hence, the channel parameter combination is first analysed for uniform flow conditions.

Calculating the initial flow conditions for uniform flow

The water levels in the channel are calculated using the equilibrium flow equation. The bed friction and
critical flow velocity are determined using the White-Colebrook and Shields equation, respectively. These
equations are described in Appendix E and outlined below:

Equilibrium flow depth: dd _ ip=if _ 0 A% cpQéco
ds ~ 1-F%? P ipyg
ite- ion: 1 12-R
White-Colebrook equation: L _575-10g( )

Nz k
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Shields equation:
a _ \/g.\/dTLSO.A.lIIC.KS
U = e
v

The equilibrium flow depth equation is a non-linear equation that is solved using the Newton-Raphson
numerical method (Schoups, 2023). For this method, the equation is rewritten as F (x) = 0. An initial guess
(xo) is made for the solution. The solution is iteratively updated by finding the intersection between the x-
axis (x,) and the tangent of the function (F’'(x,)) at the current guess:

_ F(x0)
0 F'(xo)

x1=x

This new solution (x;) is then used as the current guess to find the next intersection:

w F(x1)
X2 = X1 F(xy)

This cycle is repeated until the function F(x,,) is close to zero. For example, until |F(x,)| < 107°. For
the equilibrium flow depth, the cycle is shown below

dd ir
F(de)—0—>d—s—0 F(de)—a—l—o
I . . — dlf i —M

F (de) = _lb'lfz'dde I’f - g-A3

Using these equations, the equilibrium flow depth is calculated using Python. The Python code
iterates until convergence is achieved with |F(d,)| < 10719, The calculated equilibrium flow depths
are then used to determine the flow velocities, the friction coefficients, and the critical flow velocities. The
Python code and the initial flow conditions are provided in Appendix F. The flow conditions and whether
these satisfy the flow requirements are summarized in Table 14.

Table 14: Overview of the channel's initial flow conditions for uniform flow and whether these satisfy the flow requirements. The
bold highlighted values indicate the conditions that meet requirements.

Inflow  Flow depth de [m] Flow velocity u [m/s] Critical flow velocity Ucrit

rate [m/s]

Qeco 08m <de<2m  Thalweg Bankareal Bankarea2 Thalweg Bank Bank

[m3/s] <10m/s <0.5m/s <0.5mfs areal area?2
and Ucrit and Ucrit and Ucrit

5 0.36 0.68 - - 0.58 - -

10 0.59 0.91 0.26 - 0.63 0.44 -

20 0.8 1.12 0.59 - 0.66 0.56 -

30 1.05 1.33 0.77 0.17 0.68 0.6 0.39

40 1.18 1.44 0.89 0.42 0.69 0.62 0.51

50 1.3 1.53 1.0 0.58 0.70 0.64 0.56

Concluding remarks
Table 14 shows that neither the flow depth nor flow velocity requirements are simultaneously satisfied, and
that the critical flow velocity is not met for any of the inflow rates. Hence, the initial channel parameter
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combination results in a channel design that does not meet the flow requirements for the considered inflow
range. These parameters are adjusted in the following subsection.

4.1.5 Step 5: Determining the most impactful channel parameters

In this subsection, a sensitivity analysis is conducted on the channel’s initial parameters to assess the impact
of each parameter on the flow conditions. The aim is to identify the most impactful parameters and primarily
adjust these, while also making minor adjustments to the remaining parameters, to find a parameter
combination that meets the required flow conditions. The analysis is prompted by Subsection 4.1.4, which
shows that for the initial parameters, there is no combination where both the equilibrium flow depth and
velocity requirements are met within the considered discharge range.

Conducting the sensitivity analysis

The impact of each channel parameter on the equilibrium flow depth and average flow velocity is
determined by varying each parameter individually while keeping the initial values of the remaining
parameters constant. The response of the equilibrium flow depth and flow velocity are plotted, showing
their rate of change for each parameter. By comparing the plots, the parameters with the largest impact on
the flow conditions are identified. The graphs are generated using Python for four discharge values. An
overview of the impact of each channel parameter on the channel’s flow depth and average flow velocity
is shown in Figure 27. Each graph and the influence of each parameter are explained in Appendix G.
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Figure 27: Visu‘a‘I influence of the channel's pa[fameters on the channel's equilibrium flow depth and average flow velocity.
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Conclusion of the sensitivity analysis

Considering the influence of each parameter, the parameters Mside_siope, Ybank, Ythalweg, 8Nd apank result in graphs
with gentle slopes, especially for the lower inflow rates. This indicates that these parameters have a low
impact on the flow conditions, especially compared to the impact of the parameters dnso, ib, Bottom, aNd Qeco.
Hence, due to their low influence, several of these parameters remain unchanged for the final design.

The parameters dnso, Ib, Boottom, @aNd Qeco have higher rates of change, as can be seen from their non-linear
form and the range of the flow conditions values. Therefore, these parameters are primarily adjusted to
achieve the required flow conditions.

Hence, to improve the initial flow conditions, the equilibrium flow depth must be increased, while the flow
velocity must decrease. This can primarily be achieved by:

e increasing the channel’s bed friction (dnso) / (Cr)
o decreasing the channel’s bed slope (i)

e balancing the channel’s bottom width (Bpottom)
o limiting the inflow rate range (Qeco)

Increasing the channel’s bed friction (dnso >>) / (Ct >>)

The friction coefficient cannot be increased randomly, as it may result in a channel bed that is unrealistic
or unsuitable for lotic habitat formation. Thus, the friction coefficient must be determined based on the
required bed composition for creating lotic habitats, while still corresponding to a realistic and suitable
physical channel bed. Additionally, increasing the bed friction also increases the channel’s critical flow
velocity (ucrit), which helps prevent excessive erosion.

Decreasing the channel’s bed slope (ip <)

The channel’s bed slope is lowered by decreasing the bed level difference (Az), since the maximum channel
length for an adequate outlet findability is already considered. This is achieved by adjusting the channel’s
inlet and/or outlet bed elevation. Specifically, by lowering the inlet’s bed elevation, as the outlet bed
elevation is already set to the minimum required water depth to accommodate fish movement. However,
this leads to a deeper excavation and more ground work, which may result in higher excavation costs, longer
construction time, and a larger environmental footprint. Since there are no limits for the excavation depth
of the channel, this remains a viable option. Additionally, decreasing the bed level difference also increases
the channel’s critical flow velocity (Ucrit), which helps prevent excessive erosion.

Balancing the channel’s bottom width (Buotiom)

Decreasing the channel’s bottom width (Bpottom) increases the flow depth and the flow velocity, which is not
favourable. Therefore, adjusting the bottom width must be done carefully in combination with the other
channel parameters to avoid negatively impacting the flow conditions.

Limiting the channel’s inflow rate (Qeco)

Increasing the channel’s inflow rate results in an increase of the flow depths and flow velocities, as shown
in Figure 27. Therefore, if the flow conditions are met for lower discharge limits, it is unlikely that they
will be met for the upper discharge limits, especially if there is a significant value difference between the
lower and upper limits. Hence, limiting the inflow rate range is favourable for the channel’s design, as it
leads to a higher probability that the flow conditions are met for both the upper and lower limit.

4.1.6 Step 6: Determining the final channel parameters
The parameter combination that achieves the required flow conditions is determined in this subsection. The
parameters Mside siope, Ybank, Yihalweg Femain unchanged. The friction coefficient and inflow rate are determined
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analytically. With these values, the remaining parameters (i, Boottom, and anank) are iteratively adjusted until
the required flow conditions are achieved. This iteration is done in Python using the code provided in
Appendix F. The iteration themselves are not shown.

It is important to note, that the process of determining a working channel design that meets the required
conditions is not straightforward. It involves systematically changing the parameters one by one and
observing their effects on the channel’s flow conditions. This is an iterative process since numerous
theoretical parameter combinations are possible.

Calculating the Friction coefficient (c¢f) and (dnso)

The nominal diameter and the corresponding friction coefficient for the required bed composition of sand,
gravel, stones, and (submerged) vegetation is calculated in this subsection. An indication of the required
friction coefficient determined with the friction slope equation:

- g-A3

For uniform flow the friction slope (i) is equal to the bed slope (iy). With demin= 0.8m and Bpotiom = 20 m,
leads to a hydraulic radius of Rmin = 0.60 m. The maximum flow velocity of step is used for calculation,
Urarget = 0.5 m/s. Substituting this all into the friction slope equation gives an indication of the required
friction coefficient. The corresponding nominal diameter (dnso) is determined with the White-Colebrook
equation:

ipb-g*R 7.725-107*-9.81-0.60
=Tz 0.52

This value is rounded down to be more conservative and prevent large sediment diameters: ¢t = 0.015

= 0.018

12-R
T,
1 12-R 10 578
=575 log(e———) > dpso =20V 0,078
[oF 08357 ) ™ dnso 35 m

This sediment size corresponds to the lower limits of pebbles/cobbles (Voorendt, 2023). It can be argued
that this is a realistic value since the ecological channel bed must ultimately consist of sand, gravel, stones,
and (submerged) vegetation. Naturally, not all these elements will be present along the full length of the
channel, as variations in the bed composition along the channel will occur due to the presence of natural or
deliberately placed obstruction, such as boulders, (dead) tree trunks, (aquatic) plants. This is favourable for
habitat creation, as it creates spawning grounds, hiding areas, and resting areas for the river species.

It is assumed that these local variations do not influence the overall average friction coefficient of the
channel. Therefore, the friction coefficient at specific locations in the channel are not determined. To
determine a realistic average channel friction coefficient, a comparison is made between the friction
coefficient and Manning coefficient (n), as the Manning coefficient is empirically determined for various
channel layouts.

The ecological channel friction coefficient is comparable with the manning coefficient for natural river
channel with winding, pools, and shoals, resulting in a range n = 0.033 — 0.040 m™*?s (Battjes & Labeur,
2017). For the ecological channel the average manning value of this range is taken , n = 0.037 m™s. The
relation between the manning coefficient and the friction coefficient is:
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For the calculation, the hydraulic radius for demax is used since a higher hydraulic radius leads to a lower
friction coefficient.

demax = 1.5m - R =1.06m;n =0.037m /35 - ¢, = 0.013

Thus, the calculated dnso 0f 0.078 m is kept for the design of the ecological channel. Local variations in the
channel’s bank area or bed material will occur. However, it is assumed that these local effects have no
significant influence on the overall friction and flow conditions of the channel and are not examined in this
report.

Calculating the inflow rate range (Qeco)

This paragraph discusses the optimal channel inflow rate that maintains fluctuating flows rates in the
channel while ensuring sufficient outflow rates. The fluctuating flow rates aim to mimic the natural flow
variations in lotic habitats, and a sufficient outflow rate helps improve the channel’s outlet findability. To
maintain the natural fluctuations of the river’s flow, the channel’s inflow rate is set as a percentage of the
river’s flow rate. To achieve a sufficient outflow rate, it can be set to the target outflow rate for fish passages,
which 5-10% of the river’s flow during the migration period, see Table 8. As stated, the critical months of
the river species have typical flow rate of 25 to 125 m*/s, with peak flows reaching up to 250 m?s.

Factoring in the required discharge for the lock management and the fish passage, this results in an available
discharge of 5 m*/s for a river discharge of 25 m*/s. For the remaining river discharges, 25 m*/s should be
available (see Table 11). Hence, the minimum inflow rate is set at 5 m*s, and from there, it gradually
increases to 12.5 m%/s until the river’s flow rate reaches 125 m*s. This indicates that for river discharges
below 125 m¥s, the inflow rate is higher than 10% of the main flow.

The maximum inflow rate is set at 20 m®/s to avoid a broad inflow rate range. To maintain a sufficient
outflow rate, this maximum value corresponds to 5% of the river’s main flow, which is 400 m®s. Thus, the
channel’s inflow rate continuously rises until this maximum value is reached, resulting in inflow rates
higher than 5% of the river’s flow.

For river discharges above 400 m*/s the inflow rate is less than 5% of the river’s main flow and it remains
constant (no fluctuations). It is assumed that river discharges above 400 m*/s occur approximately 13% of
the year (this value is chosen similar to the river discharge 500 m®/s, see Table 11). Therefore, fluctuating
flow rates are achieved 87% of the year, with the crucial aspect being their 100% presence during the critical
reproductive of the river species. It is important to note that these percentages are not fixed and can vary,
introducing some uncertainty.

Hence, the inflow rate range of the ecological channel is set to 5 — 20 m*s. The flow distribution of the
river’s flow to the lock management, fish passage, and ecological channel is shown in Appendix H.

The final parameter combination

The parameters Msige_siope; Ybank, Yinalweg, @Nd @pank remain unchanged from their initial values. The channel’s
friction coefficient (cr) and inflow rate range (Qeco) are determined above. After iterating with these values,
it appears that the channel’s bottom width (Bpotom) and bank area’s step width (apank) are decreased to
increase the channel’s flow depth. The bed level difference is also reduced to achieve suitable flow
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conditions. This is accomplished by lowering the inlet’s bed level to NAP+8.95 m, a decrease of 0.4 m.

The final channel parameters are shown in Table 15.

Table 15: Overview of the final channel parameters for uniform flow

Chosen parameters Symbol Value

Inflow rate range Qeco 5—20 m¥/s

Channel’s length Lchannel 3500 m

Bed level at channel’s inlet NAP+8.95 m

Bed level at channel’s outlet NAP+7.21 m

Bed level difference between channel’s inlet and outlet Az 1.74m

Nominal diameter of project’s area bed material dnso 0.078 m

Channel bottom width Bhbottom 12m

Thalweg’s step height Vthalweg 0.5m

Bank area’s step width Apank 4m

Bank area’s step height Ybank 0.5m

Channel’s side slope Mside_slope 2

Channel’s bed slope ip = - Az 4.97-107*
channel

4.1.7 Step 7: Verifying the final flow conditions

The final channel parameters are used to determine its final flow conditions, which are verified against the
flow requirements of Subsection 3.1.5. Similar to Subsection 4.1.4, the flow conditions are first verified for
uniform flow. Then, quasi-uniform flow effects, such as the influence of the river’s water levels, effects are
taken into account since these influence the flow conditions in the channel. The flow conditions for quasi-
uniform flow are then verified against the flow requirements.

It is assumed that only gradual deviations occur in the channel, as there are no abrupt changes in the
channel’s geometry or bed material. Given that quasi-uniform flow accounts for gradual deviations, it is
considered unnecessary to determine the channel’s flow conditions for non-uniform flow. However, local
changes in the channel’s outlet and inlet will most likely result in abrupt deviations, for which non-uniform
flow effects should be considered. These are examined in Subsection 4.1.8 and Section 4.2, respectively.

Calculating and verifying the final flow conditions for uniform flow

Calculating the channel’s flow conditions using the final parameters for uniform flow uses the same method
described in Subsection 4.1.4 and the same Python code provided in Appendix F. The flow conditions and
whether these satisfy the flow requirements are summarized in Table 16. The flow depth for an inflow rate
of 5 m*¥s is 0.76m, which rounds to the minimum required flow depth of 0.8 m. Without rounding, the
water depth is 3 cm too low. However, it is assumed that this depth difference poses no issue, as an inflow
rate of 5 m®s occurs only approximately 5% percent of the year (when Qriver < 30 m*/s). Therefore, all the
flow conditions for uniform flow meet the flow requirements.

This estimation is based on the measured river discharges at the measurement point VVenlo over the past 27
years. The discharge values at Venlo are used, as it is the closest publicly available discharge measurement
point. It is located further upstream near weir complex Belfeld. The measurements are extracted from the
Waterinfo website from Rijkswaterstaat (Rijkswaterstaat, 2023). Using Python, the total discharge
measurements and the number of measurements less than 30 m®/s per year are determined. The percentage
of these low discharges per year is calculated, from which the average is determined to be 3.22%. This
rough estimation is shown in Appendix F.2.
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Table 16: Overview of the channel's final flow condition for uniform flow.

Inflow  Flow depth de [m] Flow velocity u [m/s] Critical flow velocity ucrit

rate [m/s]

Qeco 08m <de<2m  Thalweg Bankareal Bankarea2 Thalweg Bank Bank

[m3/s] <1.0m/s <0.5m/s <0.5mfs areal area?2
and Ucrit and Ucrit and Ugrit

5 0.76 0.49 0.21 - 1.65 1.16 -

6.6 0.86 0.54 0.26 - 1.71 1.29 -

12.5 1.19 0.70 0.39 0.16 1.87 1.52 1.01

16 1.31 0.75 0.45 0.23 1.92 1.60 1.22

20 1.43 0.80 0.50 0.30 1.96 1.67 1.37

Calculating and verifying the final flow conditions for quasi-uniform flow

The river’s water levels, in combination with the channel’s outlet bed elevation, establish the downstream
boundary conditions of the channel, which are the water depths at channel’s outlet. The Belanger equation
uses these downstream water depths to determine the backwater curves and consequently the flow depths
in the channel. The flow depths are used to determine the bed friction and critical flow velocities using the
White-Colebrook and Shields equation, respectively. These equations are described in Appendix E and
outlined below:

Belanger equation: dd _ ip~iy
ds  1-F?

. _ Cf'Qgco'P .
L] lf - gA3 L]

2 Qezco'Bc
F? = =g
gA

White-Colebrook equation:

‘R
=5.75"- log( )

\/’—_ S

\/7 \/aln50 A, K

Shields equation:

Setting up the boundary conditions

The river’s water levels and the corresponding downstream water depths for the outlet bed elevation of
NAP+7.21 m are shown in Table 17. Using the flow distribution of the weir complex, as shown in Appendix
H, the channel’s inflow rates for each of these downstream water depths are also shown in Table 17 as these
influence the backwater curves. The river’s water levels are considered up to a discharge of 1600 m®/s, as
from this point on flooding of the floodplains occurs, and the entire weir complex, including the ecological
channel, becomes non-operational.

Table 17: The channel's inflow rates and downstream water depths (downstream boundary conditions)

River’s
discharge
Qriver [mgls]
<50

125

250

500

1000

1250

1627

Water levels
upstream of the
channel
NAP+10.85m
NAP+10.87m
NAP+10.86m
NAP+10.82m
NAP+10.85m
NAP+11.57m
NAP+12.44m

Water levels Channel’s
downstream of the | inflow rate Qeco
channel [m3/s]
NAP+7.76m 5-6.6
NAP+7.82m 125
NAP+8.0m 16

NAP+8.62m 20
NAP+10.27m 20
NAP+11.08m 20
NAP+12.16m 20

Downstream
water depth (dsc)
[m]

0.55m

0.61m

0.79m

141 m

3.06 m

3.87m

4.95m
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Calculating the backwater curves

The backwater curves are calculated for each downstream boundary condition and inflow rate shown in
Table 17. The backwater curve equation is a non-linear differential equation that is solved using Euler’s
Method (Schoups, 2023). This method approximates the actual backwater curves by first defining the
channel’s initial condition (the downstream water depth) and dividing the channel into small intervals (As).

With the known water depth (dsc) at the initial interval (so), the derivative of the function representing the
water depth (the backwater curve Z—Z) is determined. By multiplying the derivative with the interval size

(As), the change in the water depth (Ad) over this interval is estimated. Adding this estimated change to the
initial water depth provides the approximate water depth (d.1) at the next interval (s.1). The next interval is
upstream of the downstream water depth, hence the negative interval value.

- As)

dd
d_y =dgc+ (g e

The water depth (d.1) at s.1 becomes the known value for the new interval, and its derivate is used to estimate
the water depth at the next interval (s.2). This process is repeated for the entire channel length until the last
interval (sn).

dd
dp =dp_1 + (E

- As)
n-—1
The intervals start at the channel’s outlet and extend to just downstream of the channel’s intake structure,
as the intake structure itself is determined in the following section. The calculation is performed using
Python, which results in six separate calculations since six river discharges are considered. The Python
code is provided once in Appendix I.1. The appendix also shows the calculated values and backwater curves
for each boundary condition.

The figures in Appendix 1.1 show that for river discharges up to 500 m*/s, the upstream water depths roughly
align with the uniform flow depth, which reinforces the reasoning for first analysing the channel dimensions
for uniform flow. For discharges starting from 1000 m%s, the water depths lie significantly higher than
these equilibrium flow depths. The backwater curves for both these inflow rates are shown in Figure 28.

Water level upstream  : NAP+10.82m Water level upstrenm  : NAP=10.85m

Water level downstream : NAP+8.62m Water level downstream : NAP+10.27m

Qriver : 500 m3/s Qriver : 1000 m3/’s

(I\“ =1.43 m 0 = 20 m*/s d\. 1.63 m Q=20m’/s ds = 3.06 m
-

_-L de=143m ds = 1.41 1 i _\J__ de=143m ¢

—

elevation [m]
elevation [m)

x [m]

Figure 28: Backwater curve for Qeco = 500 m%/s [left] and Qeco =1000 m?/s [right]

x [m]
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The water depth for the river discharges starting from 1000 m®/s exceeds the total depth of the channel.
However, there is still an area between the channel and the floodplains. The depth of this area naturally
depends on the channel’s elevation and the elevation of the surrounding floodplains, which is assumed to
have an average elevation of NAP+12 m. This area is referred to as the ‘bank area extra’. This area is shown
in Figure 29 for the channel’s outlet, middle, and inlet.

Calculating the flow conditions in the thalweg and bank areas

The backwater curves give an indication of the overall flow conditions. The flow conditions in thalweg and
the bank areas are calculated to determine whether these satisfied the flow conditions. These flow
conditions are determined by considering each section (thalweg, bank area 1, and bank area 2) separately
and calculating the cross-sectional dimensions, flow rate, flow velocity, and friction coefficients in each
section. This calculation is done in Python, the code is provided in Appendix 1.2.

Calculating the flow velocities per section

To determine the flow velocities of each section, the flow rate (Q) through each section must be known.
The flow rate depends on the flow velocity itself, water depth, and the friction slope (Sr). The friction slope
is also unknown and also depends on the flow conditions. Therefore, for an estimation the friction slope of
each section assumed equal to the bed slope of that section, which the situation for uniform flow.

This is a reasonable estimation for river discharges below 1000 m*/s, as the flow conditions on the upstream
side of the channel are almost identical to those for uniform flow. The water depths on the downstream side
of the channel lie lower than for uniform flow (M2- backwater curve), resulting in higher flow velocities.
See the backwater curves in Appendix |.1. Therefore, the calculated flow velocities at the channel’s outlet
are in reality higher. However, since the water levels are not much higher than uniform flow, the estimation
is still reasonable, given that the calculated flow velocities lie well below the required flow conditions. With
this assumption, the flow rate, flow velocity, and the remaining parameters per section are determined.

Verification of the flow conditions per section

The flow conditions in the channel’s thalweg and bank areas at the channel’s outlet, the middle of the
channel, and just downstream of the channel’s inlet are individually shown in Appendix 1.2. The figures
show that for river discharges up to 500 m?/s, the flow conditions in both the thalweg and bank areas are
met. However, for river discharges starting from 1000 m%/s, the flow conditions are not met in either the
thalweg or bank areas, as the flow depths and flow velocities are too high. The flow conditions for both
these inflow rates are shown in Figure 29. A summary of all the flow conditions in the thalweg and bank
areas for the channel’s outlet, middle, and outlet are shown in Table 40 of Appendix 1.3. The table also
shows the flow conditions that do not satisfy the flow requirements, these are highlighted.

The bed of the extra bank area consists of the existing floodplain bed material. Considering Figure 23, the
extra bank area section of the channel partly lies in the bed layer consisting of medium-coarse sand to coarse
sand with gravel, while the remaining part lies in the bed layer consisting of silty to sandy clay. The bed
material is not reinforced, and sediment transport is not examined, as this area’s purpose is to accommodate
higher inflow rates and not create lotic habitats, similar to the surrounding floodplains.
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Figure 29: The flow conditions in the channel's thalweg and bank areas for Qeco = 500 m%/s and Qeco = 1000 m%/s

The channel must primarily function during the critical reproductive months of the target river species.
During this period, river discharges range between 25 and 250 m*/s (not including extreme peaks) (see
Section 3.3). The channel’s flow conditions are suitable for this discharge range, as they are suitable up to
a discharge of 500 m?s. It is important to note that the channel can effectively function for higher river
discharges. However, as the river’s water levels for discharges between 500 m® and 1000 m*/s are unknown,
it is conservatively assumed to effectively function up to a river discharge of 500 m®/s, which is exceeded
approximately 13% of the year (see Table 11). Therefore, with the current channel parameters, the channel
effectively functions approximately 87 % of the year, by meeting the required flow conditions for habitat

formation described in Subsection 3.1.5.
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4.1.8 Step 8: Developing the final ecological channel design

This subsection develops a visual overview of the channel’s final conceptual design. It outlines the
channel’s outlet design, the required bed and bank protection, and the design of the transition zones from
the channel’s bed to the riverbed, and vice-versa.

Design of the channel’s outlet structure

As stated in Subsection 3.1.5, the outflow from the ecological channel must not create cross-currents that
hinder the navigability of the river. According to the waterway guidelines, for weir complex Sambeek, the
cross-currents must be limited to 0.3 m/s (Rijkswaterstaat, 2020). This limit is exceeded for all inflow rates
of the ecological channel (see Appendix I). Therefore, the channel’s outlet is realigned to have an outflow
parallel to the river’s flow, preventing unwanted cross-currents. This adjustment also enhances the fish
findability of the channel’s outlet, as the report by (Ghodrati, 2021) indicates that a luring current parallel
to the river’s main flow has a better attraction than a luring current at an angle.

Therefore, realigning the channel’s outflow to be parallel with the river’s flow is achieved by implementing
a flow guide structure. The structure is similar to a longitudinal dam (in Dutch: ‘langsdam”). Figure 30
gives an impression of this structure. The structure’s dimensions are typically determined during the
structural design phase. Additionally, the required distance of the structure from the riverbank to realign
the channel’s outflow is best determined using a hydraulic model, as it can include flow interactions effects.
However, both the structural design phase and constructing a hydraulic model lie beyond the scope of this
report. Therefore, the dimensions of this structure and its distance from the riverbank are not determined.
It is assumed that the required distance does not significantly reduce the river’s flow width, thereby posing
no issue for shipping.

Oude Maas .\1candcr' Floodplain

Ecological channel

Flow guiding structure
Figure 30: The figure on the left gives an impression of the flow guiding structure at the channel's outlet (it is not drawn to
scale). The figure on the right shows a longitudinal dam on which the flow guiding structure is based (Siebe Swart, 2020)

The bed and bank protection for the entire channel

Similar to the Afferden by-pass channel, lateral erosion of the channel can cause unwanted meandering or
shifting of the channel, leading to erosion of critical areas. The report (DLG, 2007) describing the Afferden
by-pass channel recommends establishing intervention lines to control the meandering withing acceptable
limits. The report states that the Afferden by-pass channel will experience minor shifting (decimetres per
year). However, the ecological channel is designed for higher inflow rates, which could result in larger
movement rates. Therefore, a morphological study is required to assess the channel’s shifting rate and
develop strategies, such as intervention lines, to limit excess shifting.

Establishing conducting a morphological study lies beyond the scope of this report. Hence, the bed and
banks of the ecological channel remain natural for now, as it is calculated that the considered bed materials
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will not lead to excessive erosion. Sedimentation is also expected to not pose a problem, as the intake
structure restricts the influx of non-suspended sediment (bed load). The bed protection for the intake
structure is determined in following section.

Design of the transition from the channel’s bed to the riverbed and vice-versa

The recommended transition from the waterway to fish passage’s inlet, and from the fish passage’s outlet
to the waterway, is a gradual slope with a maximum slope 1:2, consisting of stones to enhance its findability
for bottom-dwelling fish species (Ghodrati, 2021). This recommendation is applied to the ecological
channel to enhance its findability. The recommended transition is shown in Figure 31.

The bed level difference between the channel’s inlet and the river bed elevation is 5.45 m (NAP+8.95 —
NAP+3.5m = 5.45 m), and the bed level difference between the channel’s outlet and the river bed elevation
is 4.81 m (NAP+7.21m — NAP+2.4m = 4.81m). Therefore, the minimum lengths of these transition zones
are approximately 11 m and 10 m, respectively.

Steinpackung
als Anrampung

raue Sohle

Figure 31: Gradual transition with a maximum slope of 1:2 from the fish passage's outlet to the riverbed (Ghodrati, 2021)

Final design of the ecological channel

The channel’s cross-section is shown in Figure 32, and the top view of the channel’s final conceptual design
at weir complex Sambeek is given in Figure 33. In reality, the channel has a more natural shape, however
due to limitations of the drawing program, an unnatural curved shaped is used.
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Figure 32: Cross-section of the ecological channel
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Figure 33: Top view of ecological channel at weir complex Sambeek. Upstream of the channel the river has an estimated average
width of 140 meters (Heer, 2020).

4.2 Design of the fish passable intake structure

4.2.1 Approach for the design of the intake structure

This section focuses on designing the intake structure that enables the required inflow rates, as determined
in Subsection 4.1.6, while also accommodating upstream and downstream fish movement according to the
requirements of Subsection 3.1.4. The following steps are followed to achieve this design:

Step 1: Listing design alternatives for a fish passable intake structure

This step determines potential design alternatives for the fish passable intake structure that accommodates
both the inflow rates and fish movement. This can be achieved either by the design of the intake structure
itself or by incorporating a fish passage.

Step 2: Evaluating suitable intake structure and fish passage types

In this step, various intake structure and fish passage types are evaluated to identify the most suitable ones
for the previously determined design alternatives. This ensures that only structures appropriate for the
situation are included in the design process.

Step 3: Developing and verifying the design alternatives for the fish passable intake structure
Using the suitable intake structure and fish passage types, the design alternatives are developed and verified.

Step 4: Developing the final fish passable intake structure design
This step selects the most optimal design alternative and provides a visual overview of the final conceptual
design for the fish passable intake structure.

4.2.2 Step 1: Listing design alternatives for a fish passable intake structure
The intake structure must accommodate the required inflow rates and accommodate upstream and
downstream fish movement. This can be achieved either by the design of the intake structure itself or by
incorporating a fish passage, both of which must meet the fish migration requirements described in
Subsection 3.1.4. Therefore, two design alternative are developed for the intake structure. The boundary
conditions for which the intake structure is designed is provided below.
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Inventorying the boundary conditions

The intake structure must accommodate the inflow rate range of 5 — 20 m*/s. The water level’s just upstream
of the intake structure (river’s water levels) and the water levels just downstream of the intake structure
(determined in Subsection 4.1.7) are shown in Table 18. These two values are both measured from the
channel’s bed elevation of NAP-+8.95m, and determine the water level difference over the intake structure,
which is a critical parameter for its design, as it influences its inflow rate, flow velocity, and water depth.
Table 18 gives an overview of these parameters.

The ecological channel is effectively functional up to, but not including, the river discharge 1000 m*/s.
Therefore, the intake structure must effectively be functional up to the same river discharge. This indicates
that the fish passable intake structure must satisfy the target and required flow conditions for fish movement
(see Table 8) until this point. The inflow rate must still be limited even if the ecological channel does not
function properly. Hence, the intake structure is designed until a river discharge of 1600 m%/s, as higher
river discharges result in inundated floodplains making the entire weir complex, including the ecological
channel, non-operational.

Table 18: Overview of the intake structure’s boundary conditions. Ah is the water level difference over the intake structure

River’s River’s water = River’s Channel’s Channel’s Channel’s Ah
discharge levels hinet water inflow rate water levels water depth | [m]
Qriver [M¥/s] depth Qeco [MP/5] hs ds [m]
dinlet [m]

25 NAP+10.85m 1.90 5 NAP+9.71m  0.76 1.14
<50 NAP+10.85m | 1.90 6.6 NAP+9.81m | 0.86 1.04
125 NAP+10.87 m 1.92 12.5 NAP+10.14 m 1.19 0.73
250 NAP+10.86 m  1.91 16 NAP+10.26 m 1.31 0.60
500 NAP+10.82 m 1.87 20 NAP+10.37 m 1.43 0.45
1000 NAP+10.85m | 1.90 20 NAP+10.58 m  1.63 0.27
1250 NAP+11.57m 2.62 20 NAP+11.15m 2.20 0.42
1627 NAP+12.44 m | 3.49 20 NAP+12.18 3.23 0.26

Design alternative 1: Intake structure with a separate fish passage

The first alternative has an intake structure with a separate fish passage. The intake structure focusses on
accommodating the inflow rates, while the fish passage allows fish to navigate the intake structure. The fish
passage can completely by-pass the intake structure (typically semi-natural fish passages) or can be
incorporated into the intake structure itself (typically technical fish passages). An intake structure with a
separate fish passage is visualized in Figure 34.
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Figure 34: Visual representation of an intake structure with a separate fish passage (Coenen, Antheunisse, Beekman, & Beers)
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Design Alternative 2: Intake structure without a separate fish passage

The second alternative involves designing the intake structure itself to accommodate the inflow rates and
fish movement, eliminating the need for a separate fish passage. However, this cannot be achieved with a
standard intake structure, as it must accommodate a range of inflow rates, while limiting the flow velocities
and achieving sufficient water depths, which are contradictory needs.

Therefore, for this design alternative, the intake structure consists of consecutive weirs and pools that divide
the total water level difference into smaller navigable steps for the fish. The most upstream weir regulates
the channel’s inflow rate. This is comparable with the pool-and-weir fish passage design. A visual
representation of this intake structure is visualized in Figure 35.
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Figure 35: Visual representation of the first design alternative (Vincenzo & Caricato, 2006) [left] (Coenen, Antheunisse,
Beekman, & Beers) [right]

4.2.3 Step 2: Evaluating suitable intake structure and fish passage types

There are various types of intake structures and fish passages, each with certain advantages and
disadvantages. This subsection identifies the most suitable types by evaluating them based specific criteria.
The intake structures are compared with each other, while the fish passages are evaluated with a multi-
criteria analysis (MCA), which quantitively assesses their effectiveness.

Type of intake structures

The intake structure is a discharge-regulating structure that must regulate and maintain various inflow rates
for different river discharges. The intake structure must be adjustable to accommodate these varying inflow
rates. Since these adjustments are continuously required, the considered intake structures are automated
gated structures with accurate flow regulation. Gated structures can either have overflow, underflow, or a
flow that directly passes through the flow opening. This direct flow occurs for gates with horizontal opening
mechanisms, such as horizontal rotating tainter gates, horizontal sliding gates, and mitre gates. These gates
are not considered since they offer less control over the inflow rate compared to overflow and underflow
gates. The considered gate types are shown in Figure 36. For a detailed description of each gate type, see
the report (Novak, Moffat, Nalluri, & Narayanan, 2007) and (Erbisti, 2014). Each option is briefly discussed
below to determine which gate types are suitable for the design alternatives.

Narrowing down the number of potential gate types

Vertical lift gate

The vertical lift gate is a relatively simple and inexpensive structure that operates with an underflow
(Ankum P. , 2002). It is operated by lifting or lowering the gate using a slide or wheeled support. This gate
is typically used for by-pass channels by operating with an underflow. A disadvantage of these supports is
that they can jam during operation due to floating debris (Lewin, 2001), which can reduce its reliability.
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However, typically the gate can be fully lifted out the waterway, making maintenance and repairs easier
compared to submerged gates.

Radial gate

The radial gate (or vertical rotating tainter gate) operates similarly, with the main difference being that it is
lifted or lowered by rotating around a pivot point, rather than being lifted or lowered vertically. Radial gates
are easier to automate, despite generally having a more complex design (Novak, Moffat, Nalluri, &
Narayanan, 2007). A more complex design usually leads to higher construction costs.

Flap gate

Flap gates are known for their fine regulation and are generally more cost-effective and environmentally
friendly compared to the other gate types (Novak, Moffat, Nalluri, & Narayanan, 2007). They can operate
independently or in combination with other gate types, such as vertical lift gates. Flap gates can operate
with either overflow or underflow. Depending on the type of flow, the moving mechanism of a flap gate
can either be submerged or lie above the water surface (Erbisti, 2014).

Inflatable gate

Inflatable gates (or rubber gates) have no lifting mechanism, instead their desired crest heights are achieved
by being filled with both water and air. These gates are generally low in cost and require little maintenance.
However, they can be easily damaged and typically have a shorter lifespan compared to other gate types
(Novak, Moffat, Nalluri, & Narayanan, 2007).

Vertical lifting gates Radial gate Flap gate
hosating device hotsting device
o A )
—— = =
‘ \ "
| | —AAON
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Lo ?\ b
H
SLIDE GATE ROLLER GATE b ~
(Ankum P. . 2002) (Novak. Moflat, Nalluri, (Erbisti, 2014)
& Narayanan, 2007) €
Inflatable gate Drum gate
T8 ST — upstrasm Sownstream
: - e

(Tagwi, 2015) (Stewel, 2012)

Figure 36: Overview of the considered gate options
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The selected types of gated intake structures

Considering the cost-effectiveness of each gate, the gate options are narrowed down to a vertical lift gate,
flap gate, and inflatable gate. However, due to the lower durability of the inflatable gate compared to the
other two options, the selection is further narrowed down to the vertical lift gate and flap gate. For the
ecological channel fine regulation is preferable to achieve the inflow rates shown in Appendix H. This fine
regulation is achievable with overflow rather than underflow (Erbisti, 2014). Therefore, the flap gate is the
optimal choice, as it is also known for its fine regulation.

Type of fish passages

Fish passage designs can be categorized as natural, semi-natural, or technical. A natural passage functions
as a by-pass channel that mimics natural river dynamics with minimal artificial components. This passage
requires a significant amount of space to achieve suitable flow conditions for fish movement (Coenen,
Antheunisse, Beekman, & Beers). Therefore, it is not considered a suitable fish passage type.

A semi-natural passage uses some artificial components, such as sills, baffles, etc., to help fish overcome
the water level difference by dividing it into smaller manageable steps that the fish can navigate. A technical
passage operates similarly, with the main difference being that it entirely consists of artificial components.

The considered fish passages for both passage types are shown in Figure 37. More recently designed fish
passages, such as the Schutte fish passage, De-Wit fish passage, are not considered due to limited literature
and experience with their design. For a detailed description of all the fish passages, see the report (Coenen,
Antheunisse, Beekman, & Beers). Each option is briefly discussed below to determine which fish passages
are suitable for the design alternatives.
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Narrowing down the number of potential fish passage types

Semi-natural V-shaped pool-and-weir fish passage

A pool-and-weir passage consists of a series of weirs and pools that divide the total water level difference
into smaller more navigable steps for the fish. These weirs can have various flow opening shapes, which
are selected based on factors such as the present hydraulic conditions, available space, and design
preferences. This passage type uses weirs with V-shaped flow openings that are constructed from wood
covered with natural rocks. This shape is selected, as it provides better upstream swimming conditions
compared to flat weirs. The passage also contributes to habitat formation, which gives added value to the
surrounding environment. However, this fish passage type requires significant maintenance and monitoring
to maintain its functionality. It is also susceptible to varying water levels, and its flow conditions are
sensitive to its execution, as incorrect placement of components can lead to significant deviations from the
calculated flow conditions, reducing the channel’s efficiency (Coenen, Antheunisse, Beekman, & Beers).
Figure 37 gives an impression of this fish passage.

Semi-natural cascade fish passage

This fish passage operates similarly to the V-shaped pool-and-weir passage, with the difference being that
the sills are entirely constructed from stones and its roughly rectangular flow opening shape. Additionally,
the sill can have multiple flow openings (Kroes & Monden). The remainder of this passage is similar to the
V-shaped pool-and-weir fish passage. Figure 37 gives an impression of this fish passage.

Semi-natural fish slope with setting stones fish passage

This fish passage uses strategically placed boulders to assist fish in navigating the water level difference
between the upstream and downstream sides of the weirs. These boulders disrupt the flow, creating calmer
flow areas behind them. Fish can use these calmer areas as resting zones before navigating between the
boulders. The boulders are placed alternately to prevent the flow from short-circuiting, which could lead to
high flow velocities that might hinder fish movement. This passage is functional for natural water level
variations and is a relatively inexpensive fish passage. However, according to the report (Coenen,
Antheunisse, Beekman, & Beers), this passage is more suitable for stronger swimmers and bottom dwelling
fish species, which reduces its suitability for smaller weaker swimmers. Figure 37 gives an impression of
fish slope with setting stones fish passage.

Vertical-slot fish passage

The vertical-slot fish passage consists of a tank with multiple consecutive partitions, which divide the tank
into several pools. Vertical slots in these partitions act as flow openings, extending from the bottom to the
water surface (see Figure 37). This design allows fish to move throughout the entire water column,
accommodating their preferred depth. The fish passage has an inclined bedding to ensure a stepless passage
bed. By alternating the flow openings, a meandering flow pattern is created, which helps increase the energy
dissipation and reduce the flow velocity, enhancing its suitability for smaller and weaker fish. Typically,
the top of the fish passage is at ground level and is covered with a removable metal mesh, allowing for easy
access and maintenance. The fish passage is resistant to water level variation and can maintain desired water
levels. However, it does not contribute to habitat formation and has no added value to the surrounding
environment (Coenen, Antheunisse, Beekman, & Beers).

De-Wit fish passage

This fish passage is derived from the vertical-slot fish passage, resulting in a similar operation. Like the
vertical-slot fish passage, it consists of a tank with multiple consecutive partitions that divide it into several
pools. However, unlike the vertical-slot passage, the flow openings in the partitions remain fully submerged
rather than extending to the water surface (see Figure 37), allowing fish movement only at this depth. The
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remainder of the passage is similar to the vertical-slot fish passage, with the difference being that its
construction and maintenance are more affordable (Coenen, Antheunisse, Beekman, & Beers)

Evaluating the fish passage types

The fish passages are evaluated using a multi-criteria analysis (MCA) to determine the optimal one. This
approach allows for qualitative consideration of the passage types. The MCA evaluates their efficiency in
accommodating fish passage, their ability to accommodate a range of fish species, and their maintainability.
These criteria directly indicate the fish passage’s ability to safely and effectively accommodate all the
present fish species. The criteria are elaborated in Section 3.2. The impact of each criteria is determined by
a weight factor.

The efficiency and accommaodation range are the most critical criteria, as they are the primary purposes of
the fish passage. The maintainability is also crucial, as inadequate upkeep can reduce the fish passage’s
efficiency and functionality. The weight factor for each criterion is shown in Table 19, ranging from 1 to
5. A higher weight indicates a higher the score. The fish passage with the highest score is considered the
most optimal.

Table 19: Weight factors for the evaluation criteria of the fish passages

Evaluation criteria Weight factor
Efficiency in accommodating fish passage 5
Ability to accommodate range of fish species 5
Maintainability 4

Selected fish passage types

The fish passages are scored for each criterion. The most suitable fish passages are the technical fish
passages due to their higher efficiency and maintainability. The vertical-slot fish passage received the
highest score and is selected as the most optimal fish passage for the design alternatives.

Table 20: MCA for the considered fish passages

V-shaped Cascade Fish slope with | Vertical- De-Wit
pool-and-weir = passage setting stones slot passage = passage
passage passage

Efficiency for 2 2 3 4 4

accommodating fish

passage

Ability to 4 2 2 5 4

accommodate range of

fish species

Maintainability 2 2 3 5 5

Total score 8 6 8 14 13

4.2.4 Step 3: Developing and verifying the design alternatives for the fish

passable intake structure
In this subsection, designs for each design alternative are developed and verified using the most suitable
intake structure types and fish passage types determined in Subsection 4.2.3.

Design alternative 1: Intake structure with a separate fish passage

This design alternative has an intake structure with a separate fish passage. The intake structure focusses
on accommodating the inflow rates, while the fish passage allows fish to navigate the intake structure. The
most suitable intake structure and fish passage were determined to be a flap gate and vertical-slot fish
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passage, respectively (see Subsection 4.2.3). This choice is further supported, as it is similar to the intake
structure of the Afferden by-pass channel, which incorporates a flap gate with a De-Wit fish passage (DLG,
2007). The dimensions and operation of both structures are determined below.

Design of the flap gate

The flap gate is fixed with a bottom hinge on top of a concrete sill. The moving mechanism, which pivots
the gate around this hinge, is located above the water surface, as shown in Figure 38. This positioning
improves the maintainability and ease of repair of the moving mechanism. The gate typically consists of
steel and has a thickness ranging between 6.5 — 40 mm (Ryszard & Paulus, 2019). This results in a sharp
crest, as the ratio between the water depth over the gate and the gate thickness exceeds 2.0 for the small
water depths over the gate (see Figure 41). This value is the minimum ratio for a crest to be classified as
sharp (Azimi, Rajaratnam, & Zhu, 2013). A floating beam is added to the flap gate to reduce the amount of
floating debris in the ecological channel.

The dimensions of the sill, thickness of the gate, and the details of the moving mechanisms are determined
during the structural design of the intake structure, which is not covered in this report. Only the retaining
height, width, and the angle of the gate to the channel’s bottom are determined in this report. The gates
angle with the channel’s bed level typically lies between F— 70° (Erbisti, 2014).
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Figure 38: Flap gate fixed with a bottom hinge on top of a sill, with its moving mechanism situated above the water surface (Erbisti,
2014) and (Ryszard & Paulus, 2019)

Determining and verifying the dimensions of the flap gate

The required retaining height and gate angle (flow opening) to achieve the necessary inflow rates for the
measured river discharges are determined with the discharge water level relation (Q-h relation) for gated
structures.

The gated structure can either have submerged-overflow or free-overflow. The main distinction between
these two flow types is their influence on the discharge over the gate. For submerged flow, both the
upstream and downstream water levels of the gate influence the discharge, while for free-flow, only the
upstream water levels influence it (Voorendt, 2023). In this case, the upstream water depths are the upstream
river’s water levels relative to the channel bed elevation of NAP+8.95m, and the downstream water levels
are assumed to be equal to the channel’s water levels determined just downstream of the inlet (dinet) (See
Subsection 4.1.7).
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The inflow rate for both flow types are described by the weir equations for broad-crested weirs. It is
assumed that the equations for sharp-crested weirs are similar, differing only in the discharge coefficients.
These equations are based on the energy, mass, and momentum balance principles. Typically, the inflow
from the river to the channel experiences energy loss. However, for an initial design, this energy loss is
neglected, as it is assumed that it is insignificant compared to the channel’s friction loss. The weir equations
for both flow types are shown below.

Qeco = Cq 'Bgate “hs - vV 29+ (hy —h3)

Where:

Qeco = inflow rate [m?/s]

Cq = discharge coefficient [-]
Byate = flow width of the gate [m] Figure 39: Figure 46: Flow conditions for broad-crested weir
h; = upstream water depth relative to gate crest [m] ~ Wwith free-flow (Voorendt, 2023)

hs = downstream water depth relative to gate crest [m]

2 |2 :
Qeco =Cd'Bgate'§' §'g'h1

Where:

Qeco = inflow rate [m¥/s]

Cq = discharge coefficient [-]
Bgate = flow width of the gate [m]

h1 = upstream water depth relative to gate crest [m] Figure 40: Flow conditions for broad-crested weir with
submerged flow (Voorendt, 2023)

The inflow rates that the flap gate must accommodate for the various river discharges is shown in Appendix
H. The sharp-crested flap gate operates with free-overflow when the downstream water level is sufficiently
low (h3 < pgate) and with submerged-overflow for higher downstream water levels.

Using the above-mentioned equations, the retaining height of the gate is determined by iteratively adjusting
the gate dimensions until the necessary inflow rates are achieved for the measured water levels. The
recommended discharge coefficients for submerged-overflow and free-overflow, 1.1 and 1.0, respectively,
are used as initial values. According to the report by (Arvanaghi & Oskeui, 2013), the actual discharge
coefficient for rectangular sharp-crested weirs/gates is determined with the following equation:

dp

C, = 0.611 + 0.08 -
Pgate

Therefore, the discharge coefficients are iteratively calculated until convergence is reached. The calculation
to determine the combination of the discharge coefficient and gate dimensions that lead to the required
inflow rates is performed in Python and shown in Appendix J. The sharp-crested flap gate operates with
free-overflow for Qeeo < 6.6 m%/s and submerged-flow for the higher downstream water levels (Qeco > 6.6
m®/s). The resulting width of gate is 10 m and total height is 1.9 m. The retaining height of the gate and the
angle it makes with the channel bed to allow the various inflow rates is shown in Figure 41.
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Figure 41: The water levels upstream and downstream of the flap gate and its retaining height

Furthermore, the river’s target water levels remain unchanged. The flap gate will likely cause a localized
increase in the water levels just upstream of it due its retaining nature. However, the channel’s capacity is
small compared to the river. Therefore, it is assumed that this increase has an insignificant impact on the
river’s target water levels, even during high river discharges when the flap gate has a higher submergence
level.

Desing of the stilling basin

A stilling basin is added downstream of the flap gate to prevent the formation of scour holes, which can
negatively impact the stability of intake structure. To sufficiently dissipate the flow’s energy, the report by
(Vercruijsse, et al., 2021) recommends the following dimensions for the stilling basin:

e The stilling basin must have a depth (dwasin) Of ¥4 the water level difference over the structure, with
a minimum depth of 0.9 m.

e Thestilling basin must have a volume (Vbasin) of 10 m® for every 1 m*/s discharge over the structure.

These stilling basin dimensions also reduces the indirect injuries to the downstream migrating fish moving
with the flow over the flap gate. With the maximum water level difference of 1.14 m and maximum inflow
rate of 20 m*/s, the stilling basin has the following dimensions:

1
dpasin = Min (Z ARy s O.9m> = min(0.29m;09m) =09m

Vpasin = 20 - 10 = 200 m3

Vbasin = Lpasin * Bbasin * Abasin
Lpasin * Bpasin = 222.22 m?2

The minimum width of the stilling basin is taken to be equal to the flap gate width, which is 10 m. This
results in a stilling basin length of 22.22 m, which is rounded up to 25 m.

Design of the Vertical-slot fish passage

The overflow over the flap gate mimics a river’s natural flow, which attracts the fish due to their rheotaxis
orientation sense. The flap gate forms a barrier for fish movement, which is navigated using the vertical-
slot fish passage. By attracting fish towards the gate, they are positioned near the fish passage outlet
(downstream entrance). By properly designing the fish passage and its luring current to the conditions of
Table 7 and Table 8, the fish can effectively navigate the flap gate.
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Fish passage’s inlet and outlet

The transition from the channel to the fish passage inlet and from the fish passage outlet to the channel
follows the same gradual transition slope for the ecological channel described in Subsection 4.1.8, which
improves the findability for bottom-dwelling fish species. With these rock-filled slopes (see Figure 31, it is
assumed that the inflow of the fish passage pose no issue to the bed stability of the ecological channel.
With the downstream stilling basin, the outflow velocity of the fish passage also pose no issue to the bed
stability. In addition, gates are added to both the inlet and outlet to fully close the fish passage for required
maintenance and repairs. The fish passage is susceptible to floating debris. Therefore, to reduce the inflow
of floating debris, the inlet is positioned perpendicular to the channel’s flow and a floating beam is added
to it (Coenen, Antheunisse, Beekman, & Beers).

Fish passage’s bed material

To achieve suitable bottom flow velocities for bottom-dwelling, smaller, and weaker swimming fish
species, the report by (Ghodrati, 2021) recommends adding a 20 cm thick substrate layer to the fish passage
bottom (see Table 9). This layer consists of a mixture of limestones with gradings of 100/200mm for base
stones and 400/500m for resting stones (Dutch: ‘ruststenen’). Figure 42 gives an impression of this substrate
layer. With this layer, it is estimated that the bottom flow velocity is a third of the average flow velocity in
the fish passage. Therefore, if the flow velocities in the fish passage meet the required flow conditions, it is
assumed that the bottom flow velocity described in Table 9 is achieved with this substrate layer. In addition,
due to the design of fish passage, erosion and sedimentation within the passage itself poses no issue
(Coenen, Antheunisse, Beekman, & Beers), especially with the added substrate layer.

Figure 42: The advised 20 cm thick substrate layer for fish passages (Ghodrati, 2021)[left] and the Meandering flow patte;rn of
the fish passage (Coenen, Antheunisse, Beekman, & Beers)

Determining the dimensions of the fish passage
The fish passage tank and partitions typically made of concrete, which is also the chosen material for this
passage. The vertical slots in the partitions are alternately placed to create meandering main flow pattern,
as shown in Figure 42. This pattern creates calmer flow areas along the meander, which serves as resting
zones for the fish before they navigate the slots.

The report by (Coenen, Antheunisse, Beekman, & Beers) recommends a water level difference 0.05-0.08
m (Ah) over each pool. However, to reduce the overall length of the fish passage, the maximum target value
of 0.10 m is selected. With this elevation difference and a maximum water level difference of 1.14 m (for

an inflow rate of 5 m%/s), 11.4 drops are required (1'14m = 11.4). This results in 12 pools, each with a water

0.10m
level difference of 0.095 m (1'1142m = 0.095 m). The report (Coenen, Antheunisse, Beekman, & Beers)

recommends to add resting pools for every seven pools. Therefore, one resting pools is added after the 7™
pool. The resting pool has a length 1.5 times the normal pool, and a width twice the normal pools. The
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selected fish passage dimension values are the minimum target values with some margin for error. These
values are shown in Table 21. With the selected pool length, the fish passage has a total length of roughly
(5m-12) + 7.5m = 67.5 m. A top view of the fish passage is shown in Figure 43, and its longitudinal
profile is shown in Figure 44.

Table 21: The selected dimensions for the vertical-slot fish passage

Fish passage dimension Symbol Value
Slot dimensions
Number of slots 13
Water level difference over pool Ah 0.095m
Slot width Bsiot 0.75m
Pool dimensions
Number of pools 12
Pool length Lpool 50m
Pool width Bpool 25m
Resting pool length L resting-pool 7.5m
Resting pool width Bresting-pool 25m
Meuse side rnal’ gate Ecological channel side
j’Outﬂow
Inflow U | U i '
' l 1 ﬂ 1 ] _—
[I : l I : I : |
l 0 L l L[

i
Figure 43: Top view of the vertical-slot fish passage

Figure 44: Longitudinal profile of the vertical-slot fish passage

Verifying the flow conditions

The flow conditions are estimated using simplified equations and coefficient recommended in the fish
passage handbook. It is assumed that the fish passage pools and slots are identical, leading to similar water
level differences over each pool. The flow conditions, such as the fish passage’s inflow rate, flow velocity,
and energy dissipation are calculated with the equations shown in Table 22.

Table 22: Hydraulic equations to determine the flow conditions in the vertical-slot fish passage (Coenen, Antheunisse, Beekman,
& Beers)

Equations Parameters
_ D Q = inflow rate fish passage [m®/s]
Qrisn = € Bstor * Yo \/2 9~ Ahpoor Uayg = average flow velocity through the slots [m/s]
_ Ahgor ¢ = energy dissipation in the pools [W/m?]
Apoor = number of pools C = discharge coefficient [-]

b = width of the vertical slot width [m]
Yo = water depth upstream of the vertical slot fish passage [m]
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Ugyg = C*+/2+ g AR dpoot = Water depth in the pools [m]
p-g-0-Ah Ahpool = Water level difference between two pools [m]
&= Ahyt = water level difference over fish passage [m]

Lpool ’ Bpool ’ dpool

According to the report (Kroes & Monden), the discharge coefficient ranges between 0.72 < Cq4 < 0.82 for
water depths ranging from 0.40 <y, < 2.0 m. However, for simplicity, a discharge coefficient of 0.7 across
the entire water depth, which is used for this passage. The inlet of the vertical-slot fish passage is located
at the channel’s bed elevation of NAP+8.95m. Therefore, the water depths upstream of the passage (yo) are
the same as those upstream of the channel, as shown in Table 18 (dinet). The inflow rates and flow velocities
for each upstream water level is calculated using Python. The code is provided in Appendix J and the values
are outlined in Table 23. The table shows that the flow velocities satisfy the flow velocity requirements of
Table 9 and that the outflow rates have sufficient ratios with the flow over the flap gate (see Table 7).

In addition, the table also shows the energy dissipation across the pools. The energy dissipation is assessed
for the pool with the lowest water level, as it results in the maximum energy dissipation. The smallest water
depth occurs in the last pool (pool 12) by adding the water level difference to the downstream water depths.
Table 23 shows that the maximum allowable energy dissipation condition is satisfied for each inflow rate.
However, the target energy dissipation is not met for the inflow rate of 1.36 m®s. This is not a significant
issue, as this low inflow rate occurs only a small percentage of the year.

Table 23: Flow conditions of the Vertical-slot fish passage
Qriver [md/s] Qeco [m¥s] Ah_total{m] yO[m] C Bslot[m] Ah_pool[m] Qinflow[m¥s] Qfiap-gate [mifs] discharge ratio [%] v_avg[mv's] ¢ [Watt'm3)

75

50 50 114 190 07 0,085 1.38 164 IT A3 0.98 116.76
50 6.6 1.4 1.90 07 0.75 0.087 1.30 5.30 24.55 am 8345

125 125 0.73 1.92 0.7 0.75 0,061 1.10 1140 966 0.76 42403

Design alternative 2: Intake structure without a separate fish passage

For this design alternative, the intake structure consists of consecutive weirs and pools that divide the total
water level difference into smaller navigable steps for the fish. The most upstream weir regulates the
channel’s inflow rate.

Determining the dimensions of the intake structure

Similar to the pool-and-weir fish passage, the weirs have submerged overflow, which decreases the
occurrence of air nappe and thus increasing the passability of the weirs (Coenen, Antheunisse, Beekman,
& Beers). This indicates that the water levels downstream of the weir influences its flow conditions. The
inflow rate over the weir is described with the weir equation for submerged-overflow, see Figure 45 and
the equation below.

Qeco=Cd'BweiT'h1'V2g'(h1_h3) h l # y
Where: R h3

Qeco = inflow rate [m3/s]
Cq = discharge coefficient [-]

Figure 45: The upstream and downstream water levels of the
weirs in a V-shaped pool-and-weir fish passage to determine the
inflow rates (Kroes & Monden)
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Bueir = flow width of the weir [m]
h; = water level upstream of the weir [m]
hs = water level downstream of the weir [m]

Initial dimensions for this intake structure are estimated using simplified equations and coefficients. The
water level downstream of the weir are the water levels calculated for the channel’s inlet in Subsection
4.1.7. In reality, the water levels downstream of the weir (hs) are determined with the energy balance and
impulse balance. However, for an estimation it is assumed that the water levels downstream of the weir (hs)
are equal to the calculated water levels for the channel’s inlet (ds) in Subsection 4.1.7. The report by
(Coenen, Antheunisse, Beekman, & Beers) recommends a water level difference 0.08 m (Ah) over each
weir and a minimum pool length of 10 m to properly dissipate the water’s energy. With this elevation
difference and a maximum water level difference of 1.14 m (for an inflow rate of 5 m%/s), 14.25 drops are

required (tt‘;n’? = 14.25). This results in 15 pools.

Simplified calculation for determining the dimensions of the most downstream weir

Since the weirs have submerged overflow, they theoretically cannot be considered separately, as they
influence each other. However, for an estimation, the dimensions of the most downstream weir are
calculated to provide an indication of the required weir dimensions, given the desired flow conditions. A
typical value for the discharge coefficient for submerged overflow is used, which is 1.1 (Voorendt, 2023).
With the water level difference (Ah = 0.08 m) and the known inflow rate (Qeco = 5 m®/s), the required weir
width (Bweir) and height (pweir) are determined by iteratively adjusting each parameter until the required flow
conditions are met. After the iteration, the weir width is determined to be 6.5 m and the height of the most
downstream weir is 0.29 m above the channel’s bed elevation, resulting in a crest elevation of NAP+9.24m.
An overview of these dimensions is given in Figure 46 and their calculations are given below.

Water depth over the weir:d, = ds + Ah — pyeir = 0.76 + 0.08 — 0.29 = 0.55m = 0.52 m, satisfied

Width of the weir crest: Byeir = Ceco = >0 ~ 6.5m = 0.72 m, satisfied

Cq-dy/2.gAh ~ 1.1-0.55-/2-g-0.08

. . 5 . .
Flow velocity over the weir:  u, = = Qe“’d STyl 1.40% <140 % satisfied
weir @2 -2

Water depth upstream of the weir: d; = d, + Ah = 0.76 + 0.08 = 0.84 m > 0.52 m, satisfied

_ _NAP+9.79m_
]ah=0.08 m NAP+9.71m_ _ .
) . n - == "~ Trh=0.08 m
0 = 0.56 m d, = u,
=0.92 m _N_A_Pig_3;m 0.84m é> d2 =05 m d1= 1
/’E =0.37 m /__p. _NAP+9.24m_ =0.76 m
=0 29:1\

NAP+8.95m

T =om 7
Figure 46: The dimensions of the most downstream weir for first design alternative of the intake structure

Dimensions of the remaining weirs and pools

The remaining weirs have a similar design, each with a consecutive elevation increase of 0.08m. The most
upstream weir has an elevation of NAP+10.28m. The longitudinal profile of the intake structure is shown
in Figure 47. The width of the pools is set slightly larger than the weir width (Byoor) at 7 m. The pool length

(Lpoot) is set at 10 m, which satisfies the recommendation that the pool width should be % — g times the pool
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length (Ghodrati, 2021). The verification of the drowning rate and energy dissipation over the second most

downstream weir is shown below

. . d 0.92-0.2
Drowning rate over the weir: § = =2 = ——=

= = 0.91 = 0.5, satisfied
d;  0.84-02

= 66.73

Energy dissipation over the weir: ¢ =
Lpool'Bpool'd1 10-7-0.84

Ms rame! Ditance

Figure 47: Longitudinal profile of the intake structure for the first design alternative

Verification of the intake structure

m3

p-g-Q:Ah _ 1000-9.81-5-0.08 Watt

<100

Watt
m3 "’

satisfied

With these dimensions, the intake structure is modelled using HEC-RAS. The flow conditions calculated
using this program are only estimations, as HEC-RAS is not entirely suitable for this type of structure,
given the calculations are made for uniform flow conditions, which is not the case in reality. The HEC-
RAS inputs and outputs are shown in Appendix J. For an inflow rate of 5 m%s, the water level upstream of
the most upstream weir is NAP+10.77 m (see Figure 47). This lies lower than the river’s water level
(NAP+10.85m), indicating no unwanted water elevation upstream of the intake structure.

To accommodate larger inflow rates, the most upstream weir must be lowered. For a maximum inflow rate
of 20 m*/s, the weir must be lowered to an elevation of NAP+9.24m. However, doing this without adjusting
the remaining weirs results in increased water levels upstream of the intake structure (positive backwater
curves), which can lead to premature local flooding of the floodplains. In addition, for this inflow rate, the
flow velocities in the fish passage exceed the allowable maximum value (see Appendix J). Hence, the intake
structure does not satisfy the requirements. One solution is to make all the weirs adjustable. However, this
would result in roughly 14 adjustable weirs that need to be constructed, maintained, and monitored, leading

to high costs.
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4.2.5 Step 4: Developing the final fish passable intake structure design
This subsection selects the most optimal design alternative and provides a visual overview of the final
conceptual design for the fish passable intake structure.

Selecting the optimal design alternative

For the second design alternative to meet the flow conditions for the various inflow rates, it would require
14 adjustable weirs. This would lead to high construction and maintenance costs compared to the first
design alternative Therefore, the first design alternative, consisting of the flap gate and vertical-slot fish
passage, is selected as the optimal design alternative.

Final design of the intake structure
The front view of the intake structure is shown in Figure 48, and a visual impression of its final conceptual
design is given in Figure 49.

Vertical-slot

Flap gate fish passage

- —+ e —r
10000 5700 200 2500

+ - t & ot

Figure 48: Front view of the final intake structure

Ecological channel

stilling basin (LxBxd):
25m x 10m x 0.9m

River Meuse h ] [7
Figure 49: Impression of the final intake structure

4.3 Final combined design of the ecological channel

In this section, the channel design and selected intake structure design are integrated with the existing
navigation locks, mooring areas, and combined Poirée and Stoney weirs to form a cohesive weir complex
design for the formation of lotic habitats. This represents the final design of the ecological channel that
meets all lotic habitat requirements described in Subsection 3.1.5. Figure 50 provides a top view of the weir
complex, Figure 51 shows the intake structure, and Figure 52 shows the channel’s cross-section.
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Figure 50: Top view of the final design of the ecological channel at weir complex Sambeek
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Figure 51:The design of the ecological channel’s intake structure.
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Figure 52: Cross-section of the ecological channel
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4.4 Evaluation of the ecological channel’s function as a fish passage

This section evaluates whether the ecological channel can effectively serve as a fish passage by satisfying
the fish migration requirements shown in Subsection 3.1.4 and potentially improving the fish passability of
the complex.

Evaluating the ecological channel against the fish migration requirements

The ecological channel is fish passable due to the vertical-slot fish passage bypassing the flap gate at the
channel’s inlet and the adequate flow conditions within the channel for river discharges up to 500 m%/s. The
channel’s flow conditions satisfy the passability requirements for a fish passage (see Table 8 and Table 9).
However, the findability requirements for a fish passage (see Table 7) are not met, specifically the outlet
location and the outflow velocity (luring current).

The outflow velocities are calculated in Appendix 1.3 and shown in Table 24. The outlet location lies
approximately 1.2 km downstream of the weirs (see Figure 53), while the requirement is that it must be
placed within 10 meters downstream of the weirs for energy dissipation levels below 1300 W/m? or in-line
with the fish migration line. Therefore, for the ecological channel to function as the fish passage, an
additional fish passage must be added to achieve these findability requirements.

Table 24: Outflow velocities of the ecological channel for the various inflow rates

h_BC y_BC[m) Omﬂqw A_outiet P_outlet R_outlet L[m] b u_outlet < uertt y_outlet h_outlet of de he
[m3is] im2] [m]) [m] [mis] [mis] [m] [m] [m] m]
0 rve 0.55 50 14 22,46 034 3500 0000497 068 (P01 055 176 002 ore 787
1 7.7¢ .55 a8 78 22 48 134 3500 0000497 0.87 i) 55 176 002 086
0 £ ) y 3 3600 | 49 1 £ )L 1 g4
0 14 3 X 049 8 0 1
0 a8z 1.4% 200 31,46 3431 052 -3500 0000457 0,04 18 1.44 BG2 004 143 864
0 W27 308 20.0 865 4568 216 3500 0.000487 0.20 221 3.06 1027 o0 1.43 Bad
0 o8 iB87 20 137 PR 275 2800 0000as? 0.18 23 a7 1"nos oo 143 ana
0 1216 465 200 18117 a4 3,36 350 0000457 0.11 243 106 1216 00 143 44

Operational window of the additional fish passage

The optimal location for the fish passage in the weir complex is next to the Stoney weirs, as these primarily
accommodate the river’s flow during the migration period of the fish species. Hence, the existing fish ladder
is located there. The ecological channel is situated in the flood plains next to Poirée weir, and therefore, the
additional fish passage is also located there. Fish are attracted to the Poirée weir when it has the largest flow
rate at the weir complex. This occurs above river discharges of 400 m?/s, as the Stoney weirs have a capacity
of 200 m¥/s. This is the same river discharge for which the existing fish ladder’s findability decreases, due
to the submergence of the downstream pools (Vriese, et al., 2021).

Therefore, with the additional fish passage, the ecological channel could function as the primary fish
passage for discharges between 400 m*s and 1000 m®/s. A fish passage is no longer required for river
discharges above 1250 m%/s, as both the Stoney and Poirée weir are fully opened. Therefore, the additional
fish passage would be operational for flow rates above 400 m®/s, which occurs approximately 13% of the
year (exceedance percentage for a river flow rate of 500 m%/s is used, see Table 11).

Location of the additional fish passage

The additional fish passage is located next to the Poirée weir. To maintain the structural integrity of the
structural wall of the crane rail and its storage area, the fish passage outlet is positioned as shown in Figure
53. The figure shows that the fish passage outlet lies approximately 40 m downstream of the Poirée weir.

64



4. Functional-spatial design

It is assumed that this location roughly aligns with the fish migration line of the fish species, as the energy
dissipation likely exceeds 1300 m?/s.

Outlet location

\ & =

Ecological channel

==

I Loy
_ o

.-

oy
Extra fish passage 7

& Additional
Ish piassage

Luring current of the additional fish passage

The luring current consists of the outflow rate and outflow velocity. Similar to the channel’s inlet, the most
suitable fish passage is the vertical-slot fish passage. The outflow rate ratio of the ecological channel for
river discharges above 400 m¥s is less than 5 % (see Appendix H). This indicates that the outflow rate ratio
of the additional fish passage is even lower, meaning the target outflow ratio is not met (see Table 7). With
a simple calculation, the outflow velocity over the last slot of the fish passage is determined for the river
discharges 500 and 1000 m®/s, using the equation and parameters of the vertical-slot fish passage shown in
Subsection 4.2.4. The water levels upstream of the additional fish passage are assumed to be the water
levels in the middle of the channel (see Table 40), and the downstream water levels are the water levels
measured at Sambeek-Beneden (see Table 11). The outflow velocities for both river discharges are
estimated below.

Ah
uavg:C.\/z.g tot

"number of pools

Qriver =500 mS/S: uavg =0.7- \/2 g (NAP+9.51-NAP+8.62m) - 097 m/s

18

(NAP+10.32—NAP+10.27m)
18

Qriver = 1000 m¥/s: Ugyg = 0.7 - JZ g =041m/s
The outflow velocities satisfy the luring current requirements, and assuming the outlet location of the fish
passage aligns with the migration line, the findability requirements are met.

Concluding remarks
The ecological channel cannot function as the sole fish passage for the weir complex. It can only satisfy the
fish passage requirements for river discharges between 400 m®/s and 500 m?/s, which occurs approximately
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31 days of the year. This approximation is shown in Appendix K. This discharge range excludes the
migration period of the fish species, which is the critical period when the fish passage must effectively
function, as the river typically has flow rates between 25 and 250 m®/s during this period (see Section 3.3).
Additionally, whether the additional fish passage is findable for all the various fish species is uncertain, as
the fish migration line differs for the various flow rates over the Poirée weir, different river species, and
their life stages (Vriese, et al., 2021).

Furthermore, adding an additional fish passage, along with the required fish passage for the channel’s inlet,
increases the construction, maintenance, and monitoring costs. It is uncertain whether this temporary
effectiveness can contribute to improvement of the fish passability of the weir complex and whether it is
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5. Generalization

This chapter assesses whether the final design of the ecological channel can be applied to the other weir
complex locations in the Dutch part of the river Meuse. Implementing this channel design at these locations
can potentially increase the overall lotic habitats in the river and ensure relatively consistent performances,
maintenance processes, and monitoring procedures across the different locations. The channel design is
generalized for the critical boundary conditions of these locations. These boundary conditions are used to
verify the channel’s flow conditions against the lotic habitat requirements, assessing its suitability at these
locations. Additionally, the flow conditions of the vertical-slot fish passage of the intake structure are
verified against the fish migration requirements.

5.1 Identifying boundary conditions for the other weir complexes

The boundary conditions are considered critical as they directly influence the flow conditions within the
channel. These are the:

1. Maximum estimated channel length in the surrounding area
2. Measured river water levels upstream and downstream of the complex for various river discharges

1. The maximum estimated channel length in the surrounding area

Using the area analysis for the complex locations in Appendix A, the maximum channel length is estimated
for each complex location using Google Earth. The estimation focuses on the floodplain with the most
available area, see Appendix L.1. The floodplain south of complex Borgharen is not considered, as the
Bosscherveld nature park is situated there. Similarly, the floodplain north of complex Linne is not
considered, as the Linne overflow is situated there. Although the area north of complex Roermond already
has a by-pass channel, the possibility of an ecological channel is still examined. The maximum estimated
channel length for each complex location is shown in Table 25.

Table 25: Maximum estimated channel length for each complex location

Weir complex Maximum estimated channel length
Borgharen 1 km

Linne 2 km

Roermond 2.5 km

Belfeld 2 km

Grave 2 km

Lith 2.5 km

2. Measured river water levels upstream and downstream of the complex for various river
discharges

As stated in Subsection 3.3, Royal HaskoningDHV provided the measured water levels for various
measurement points along the river Meuse, meaning the measured water levels for all the complex locations
are known. Similar to complex Sambeek, the upstream water levels of each complex are taken from the
first publicly known upstream measurement point, while the downstream water levels are taken from the
first publicly known downstream measurement point. These measured water levels and the corresponding
water level differences over the weirs is shown in Appendix L.2.
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5.2 Assessing the ecological channel design at the other weir
complexes

5.2.1 Flow conditions within the channel

For the ecological channel’s design to achieve the required flow conditions, the channel’s bed slope (in) of
4.97-10* must remain unchanged. The bed slope depends on the channel’s length (Lchanne) and bed level
difference (Az). Since the channel’s lengths at the other complex locations are shorter than that of complex
Sambeek, the bed level difference at each location must be decreased to achieve the same bed slope. The
required bed level difference for complex location is determined by multiplying the bed slope by the
estimated channel length.

This decrease in the bed level difference can be achieved by either lowering the channel’s inlet bed elevation
or by raising its outlet bed elevation. However, as the channel’s outlet bed elevation is set to 0.55 m below
the lowest target water level downstream of the complex, which is the minimum target water depth for
adequate fish passability, it remains unchanged. Therefore, the required channel’s inlet bed elevation is
determined by adding the outlet bed elevation and required bed level difference. These values are shown in
Table 26.

Table 26: The required bed elevation of each weir complex location
Target downstream water depth = 0.55 m

Weir Downstream  Outlet'sbed Required @ Channel = Required bed Inlet's bed
complex water level elevation bed slope  length level elevation
[NAP+m] [NAP+m] [-] [m] difference [m]  [NAP+m]
Sambeek 7.76 7.21  0.000497 3500 1.74 8.95
Borgharen 38.04 37.49  0.000497 1000 0.50 37.99
Linne 16.86 16.31  0.000497 2000 0.99 17.30
Roermond 14.15 13.60  0.000497 2500 1.24 14.84
Belfeld 10.98 10.43  0.000497 2000 0.99 11.42
Grave 4.93 4.38 0.000497 2000 0.99 5.37
Lith 0.65 0.10  0.000497 2500 1.24 1.34

Using the bed elevations and the dimensions of the ecological channel, the flow conditions in the thalweg
and bank areas are calculated for quasi-uniform flow conditions in Appendix L.3, using the same Python
code provided in Appendix I. The ecological channel is considered suitable for the complex locations if it
meets the flow requirements during the critical reproductive period of the target river species, which has a
typical discharge range of 25 — 250 m®/s. Based on the calculated flow conditions, the ecological channel
is applicable at all weir complex locations. Similar to complex Sambeek, complexes Linne, Roermond, and
Grave are functional up to a river discharge of 500 m*s, while complex Borgharen, Belfeld, and Lith are
functional until a river discharge of 250 m¥s.

In addition, the gradual transition from the river bed to channel bed, and vice-versa, as well as the channel’s
outlet, remain unchanged for the other complex locations.

5.2.2 Vertical-slot fish passage

The dimensions of the vertical-slot fish passage remain unchanged, except for the number of pools. The
number of pools depends on the maximum water level difference over the intake structure, which is the
difference between the upstream river water levels and the water levels just downstream of the intake
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structure, as calculated in Appendix L.3. The upstream and downstream water depths are both relative to
the inlet’s bed elevation determined in Table 26. Similar to complex Sambeek, the maximum water level
difference over each pool is set to 0.10 m (Ahpeor). Based on this, the number of pools for each complex
location is determined for the total maximum water level difference over the fish passage. This is shown in
Table 27.

Table 27: The required number of pools for a maximum water level difference of 0.10 m (4/pooi) OVer each pool at each complex
location

Weir River’s discharge = Upstream water =~ Downstream Ahyot Number of
complex Qriver [M3/s] levels water levels [m] pools
Borgharen 25 NAP+44.08m NAP+38.75m 5.33 54

Linne 25 NAP+20.86m NAP+18.06m 2.80 28
Roermond 25 NAP+16.85m NAP+15.60m 1.25 13

Belfeld 25 NAP+14.14m NAP+12.18m 1.96 20

Grave 25 NAP+7.69m NAP+6.13m 1.56 16

Lith 25 NAP+4.89m NAP+2.10m 2.79 28

Using the fish passage’s dimensions, upstream and downstream water levels, and number of pools, the flow
conditions are calculated in Appendix L.4 using the same Python code provided in Appendix J.1. The
calculation shows that fish passage meets the maximum flow velocities through the slots. However, the
maximum energy dissipation criteria are not met in the following situations:

e At complex Borgharen for Qyiver < 125 m%/s
e At complex Belfeld for Qyiver < 25 m®/s
e Atcomplex Lith for Qriver < 50 m®/s

The energy dissipation can be reduced by increasing the volume of the pools. For complex Borgharen, the
pool can be increased to 7.5 m and the width to 3.5 m. For complex Belfeld, the pool length can remain the
same and the width can be increased to 3.5 m. For complex Lith, the pool length can be increased to 6.0m
and the width to 3.5 m. The corresponding flow conditions are shown in Appendix L.4. Naturally, various
configurations are possible, this is just one option. The optimal dimensions are not determined in this report,
as they have no added value for the for-habitat formation.

5.2.3 Flap gate

The flap gate does not have to meet fish migration requirements, it just needs to accommaodate the required
inflow rates. The required flow openings at each complex location does not provide additional insights into
the efficiency of the ecological channel. The situation at each complex location is conventional, suggesting
that the required flow openings are also conventional.
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6. Discussion, Conclusions, and Recommendations

6.1 Discussion

Deepening question _1: How are the suitable dimensions of the ecological channel
determined?

Determining the dimensions of the ecological channel that satisfy the required flow conditions for habitat
formation is an iterative process, as the channel’s dimensions and parameters have interdependent
relationships. Due to these dependencies, they must be iteratively adjusted until a suitable combination is
found that meets the required flow conditions.

1. Uncertainty of the boundary conditions

The ecological channel is initially designed for the boundary conditions at weir complex Sambeek. These
boundary conditions include the ground levels of the surrounding floodplains and the river’s measured
inflow rates and corresponding water levels. It is assumed that the surrounding floodplains have a ground
elevation of NAP+12m. However, a more accurate determination of the actual elevations is needed to
ensure that the water levels in the channel do not exceed these elevations during non-flood river discharges
(Qriver < 1600 m®/s). This issue can be addressed by, for example, locally raising the ground level.

In addition, the channel’s design is based on measured river discharges and water levels from 2007 to 2008,
which may be insufficient data for verifying the ecological channel’s dimensions. This data may not be
representative of the river’s flow conditions over the past years, as these can change due to global warming
or other factors. The uncertainty of the boundary conditions may result in a different channel design.
However, the channel’s design is robust within the known boundary conditions, as the required flow
conditions are met for river discharges above the required range of 25 to 250 m*/s. Therefore, if the river’s
flow conditions do not significantly differ from the known values, it can be assumed that the channel’s
design will maintain the required performance within the required discharge range. In contrast, designing
with boundary conditions that significantly differ from the known values may result in a different channel
design.

2. Uncertainty of the estimated available space in the surrounding floodplains

The ecological channel’s design is based on the estimated available space in the surrounding floodplains.
The maximum length and path of the channel are estimated without considering underground structures
such as pipes and wiring, or the challenges of crossing certain road and areas. Therefore, the actual channel
length may need to be shorter than estimated. However, the current performance of the ecological channel
is still achievable with a shorter channel length, provided the current channel bed slope (in) remains
unchanged. This means that the channel’s bed level difference (Az) must be reduced to compensate for the
shorter length. If the shorter channel length significantly differs from the current estimated value and the
bed level difference cannot compensate for it, it will likely result in a different channel design.

3. Taking non-uniform conditions into account

The iterative adjustment process for determining the channel’s dimensions uses the Belanger, White-
Colebrook, and Shields equations to describe the hydraulic processes in the channel. These processes
assume uniform conditions, such as quasi-uniform flow conditions, uniform channel cross-section, bed
composition, and bed slope. However, in reality, these conditions will not occur due to natural
morphological changes over time and both natural and human interventions in the channel. These factors
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lead to non-uniform conditions that can significantly impact the flow conditions in the channel and lead to
a different channel design.

The determined nominal diameter for the channel bed will not be present along the full length of the
channel, as variations in the bed composition will naturally occur, which is favourable for habitat formation.
These variations can include:

e areas with different bed compositions due to sediment transport (erosion and sedimentation), or
deliberate placement

o deliberate placement of elements, such as boulders and dead tree trunks, to create spawning, hiding,
and resting areas for the river species,

e occurrence of natural elements such as tree trunks and (aquatic) plants

e unintentional human interventions

These variations result in non-uniform bed compositions throughout the channel, which locally affects the
flow conditions. Depending on the severity of these variations, they can impact the overall flow conditions
in the channel. In addition, these variations, along with the natural channel banks and the initial winding
path of the channel, results in lateral erosion, leading to meandering or shifting of the channel. This leads
to variations in the channel’s cross-section and bed slope, which is also favourable for the river species.
However, it locally effects the channel’s flow conditions, which can lead to unsuitable flow conditions for
habitat formation. Depending on the severity of the lateral erosion, unwanted meandering can occur, which
can impact the overall flow conditions in the channel or lead to excessive erosion of critical areas.

Furthermore, the channel is designed for quasi-uniform flow conditions, which considers gradual variations
in the flow. The above-mentioned variations can lead to local and abrupt changes in the flow conditions,
energy levels, and turbulence intensities, which can significantly impact the local flow dynamics and
potentially effect the functioning of the ecological channel.

4. Limitation of the channel’s design

The combination of the channel parameters that meets the required environmental conditions for uniform
and quasi-uniform flow establishes the dimensions of the channel. These conditions are designed to meet
the needs of specific river species that are endangered by the reduction of lotic habitats in the river.
Consequently, the channel theoretically supports this specific group. However, considering other river
species for lotic habitat formation may require different environmental conditions, which the current
channel design does not meet. Therefore, considering river species outside the scope of this report (see
Subsection 2.4.1) may lead to a different channel design.

5. Uncertainty of the ecological channel’s design

The required flow conditions for the target river species are derived from recommendations in conducted
studies and practical experience (Vriese, et al., 2021). However, there is no guarantee that the river species
will utilize the channel even with these preferred flow conditions, as their behaviours can be unpredictable,
and their responds may not be as anticipated.

Deepening question 2: Can the ecological channel function as a fish passage?

The ecological channel can function as a fish passage by satisfying the fish migration requirements, which
consists of findability and passability requirements based on recommended values in the fish passage
handbooks by (Coenen, Antheunisse, Beekman, & Beers), (Kroes & Monden), and (Ghodrati, 2021).
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1. Uncertainty of the required findable and passable conditions for a fish passage

All these reports recommend target values for the dimensions and flow conditions of fish passages where
they are most efficient. The handbook by (Ghodrati, 2021) also provides values where the fish passage’s
efficiency decreases, while still remaining functional. However, none of the reports specify conditions
indicating when the fish passages become non-functional.

Achieving these recommended target values for various upstream and downstream boundary conditions is
challenging. Therefore, in addition to these target values where the fish passage is most efficient, required
values are established. It is assumed that failure to meet these required values results in an non-functional
fish passage design. This approach of categorizing target and required values provides more structure for
determining when the fish passage is functional or non-functional, and allows for more flexibility in
designing the fish passage for various upstream and downstream boundary conditions. However, these
required values are based on recommendations from the fish passage handbooks, which have limitations
and uncertainties, especially in aspects that differ between the handbooks, such as the fish passage’s outlet
location and the outflow orientation.

In addition, there is no guarantee that the fish species will utilize the channel even with the optimal
conditions to achieve a passable and findable fish passage, as their behaviours can be unpredictable, and
their responds may not be as anticipated. The presence of optimal conditions does not guarantee that the
fish will find and/or pass the fish passage as anticipated

2. Temporary effectiveness of the ecological channel as fish passage

The ecological channel’s flow conditions satisfy the passability requirements for a fish passage up to a river
discharge of 500 m*/s. However, the findability requirements are not met, specifically the outlet location
and the outflow velocity (luring current). To address these issues, an additional fish passage can be
incorporated. The inlet of the additional fish passage is situated approximately in the middle of the channel
and the outlet is situated just downstream of the Poirée weir.

The upstream migrating fish are expected to follow the imaginary migration line along the downstream
turbulent zones of the weir to navigate it. Aligning the additional fish passage’s outlet (downstream
entrance) with this migration line is expected to enhance its findability (Vriese, et al., 2021). However, the
path of the migration lines differs for the various flow rates over the Poirée weir, the different fish species,
and their life stages. Hence, the findability of this additional fish passage remains uncertain.

The fish are naturally attracted to the largest occurring flow rate in the river due to their rheotaxis orientation
sense, which is primarily occurs over the Stoney weirs. The Poirée weir, has larger flow rates starting from
400 m®/s, meaning the additional fish passage’s findability requirements are likely satisfied from this point
on. However, the ecological channel can only serve as a fish passage up to a river discharge of 500 m%/s, as
it meets the passability requirements up to this point. Therefore, the ecological channel with an additional
fish passage can only meet the fish passage requirements for river discharges from 400 m*/s up to 500 m?/s,
which occurs approximately 31 days of the year. It is uncertain whether this temporary effectiveness can
contribute to improvement of the fish passability of the weir complex and whether it is worthwhile to have
this improvement for the increased costs.

Deepening question 3: Can the ecological channel be applied to all weir complex locations in
the Dutch part of the river Meuse?

The channel’ design is applicable at the other complex locations if it meets the requirements during the
critical reproductive months. Compared to complex Sambeek, the other complex locations have less
available space, resulting in shorter channel lengths. To ensure the required flow conditions are achieved
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in the channel at these complex locations, its bed slope (i,) must remain unchanged. Therefore, the channel’s
bed level difference (Az) must be decreased to compensate for the shorter channel lengths. This is achieved
by lowering the channel’s inlet bed elevation, while maintaining the outlet bed elevation of 0.55 m below
the minimum target river water level downstream of the complex to ensure adequate water depths for fish
passability. With these adjustments, the design of the ecological channel is applicable at all the weir
complex locations.

The discussions points described for the first deepening question regarding the design of the ecological
channel at weir complex Sambeek apply to all the other complex locations. The estimated available space,
boundary conditions, and simplifications of the hydraulic processes may not accurately represent reality. A
more detailed consideration of these factors makes them more representative of reality, which may result
in a different channel design.

Similar to complex Sambeek, the required environmental conditions at each complex location are designed
to meet the needs of specific river species. Considering other river species may require different
environmental conditions, which may result in a different channel design. In addition, even if the required
environmental conditions are met, there is no guarantee that the river species will utilize the channel, as
their behaviours can be unpredictable, and their responds may not be as anticipated.

6.2 Conclusions

This section provides the conclusion of the design process aimed at achieving the objective of determining
whether the ecological channel can create environmental conditions for the formation of lotic habitats in
the Dutch part of river Meuse. This section includes a general conclusion and the answers to the deepening
guestions.

General conclusion

The final ecological channel design includes an intake structure consisting of a flap gate and vertical-slot
fish passage. Figure 54 gives an impression of the final design at weir complex Sambeek. The design is
assessed for river discharges up to 1627 m®/s, as the weir complex becomes non-operational beyond this
point. The channel design meets the required environmental conditions for habitat formation for river
discharges up to 500 m*/s for weir complex Sambeek, Linne, Roermond, and Grave, and for discharges up
to 250 m*/s at complex Borgharen, Belfeld, and Lith. Both discharge ranges include the critical reproductive
months of the target river species, as was required. The final design shows that the required environmental
conditions for lotic habitat formation can be achieved in a regulated river, such as the river Meuse.

However, the channel design may not accurately represent reality due to uncertainties in the estimations
and limitations of the channel’s boundary conditions, available space, and simplifications of its hydraulic
processes. In addition, even if the required environmental conditions are achieved, it does not guarantee
that the river species will utilize the channel, as their behaviours can be unpredictable, and their response
may not be as anticipated. Nonetheless, the final design of the ecological channel shows that the required
environmental conditions for lotic habitat formation can be achieved at the weir complexes in the Dutch
part of river Meuse, potentially leading to an increase in the populations of the target river species.
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Figure 54: The ecological channel's final design

Answer to deepening question 1: How are the suitable dimensions of the ecological channel
determined?

Determining the dimensions of the ecological channel that satisfy the required environmental conditions
for habitat formation is an iterative process, as the channel’s dimensions and parameters have interdepended
relationships. Due to these dependencies, they must be iteratively adjusted until a suitable combination is
found that meets the required conditions. To streamline the process and reduce the number of possible
combinations, the design of the channel’s intake structure and the channel’s dimensions are done separately.

The iterative process for determining the channel’s dimensions starts by constructing an initial design. The
initial channel parameters are iteratively adjusted until a parameter combination is found that meets the
conditions for uniform and quasi-uniform flow. This combination establishes the dimensions of the channel.
The intake structure is then designed to accommaodate the established channel dimensions and parameters.
It must continuously accommodate varying inflow rates and ensure fish passability. This is achieved with
a flap gate and vertical-slot fish passage.
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Answer to deepening guestion 2: Can the ecological channel function as a fish passage?

The ecological channel can function as a fish passage if it meets the established fish migration requirements,
which consists of findability and passability requirements. With these conditions, it is determined that the
ecological channel can function as a fish passage for river discharges between 400 m®s and 500 m®/s by
incorporating an additional fish passage, as the channel itself does not meet the findability requirements.
The incorporating of an additional fish passage, increases the construction, maintenance, and monitoring
costs. It is uncertain whether the presence of an additional fish passage, which potentially functions for
approximately 31 days of the year outside the main fish migration period, improves the fish passability of
the weir complex and whether it is worthwhile to have this improvement for the increased costs.

Answer to deepening question 3: Can the ecological channel be applied to all weir complex
locations in the Dutch part of the river Meuse?

The channel design is applicable at the other complex locations if the required environmental conditions
for the formation of lotic habitats are met during the critical reproductive months. Although these other
complex locations have less available space and consequently shorter channel lengths, the final channel
design is applicable at all complex locations, provided the bed slope at each complex location is equal to
that of complex Sambeek. The channel’s cross-sectional dimensions remain unchanged at all complex
locations, while the channel’s length and bed level difference vary.

Weir complex Linne, Roermond, and Grave are functional up to a river discharge of 500 m®/s, while
Borgharen, Belfeld, and Lith are functional until a river discharge of 250 m%s. The vertical-slot fish
passages meet the fish migration requirements for these discharge ranges if minor adjustments are made,
such as increasing the number of pools in the fish passages. Additionally, for complex Borgharen, Belfeld,
and L.ith, the pool dimensions must also be slightly increased.

6.3 Recommendations

1. Verify the channel’s design for additional measured data
The ecological channel’s design is based on the available measured river discharges and water levels from
2007 to 2008, which may be insufficient data for verifying the ecological channel’s dimensions, as this data
may not accurately represent the river’s flow conditions in recent years. Therefore, it is of interest to verify
the channel’s design using measured data from recent years to determine whether it still meets the required
environmental conditions for lotic habitat formation.

2. Conduct a more detailed area analysis
A more accurate area analysis of the surrounding flood plains at each complex location is necessary to
ensure that the path of the ecological channel avoids unnecessary crossing of cables, pipes, trees, buildings,
roads, historical areas, or other important elements. This area analysis can provide a better estimation of
the channel’s length, which can impact the channel’s design. Lastly, the influence on the groundwater table
of the surrounding floodplains should be assessed, as the channel may drain groundwater toward it,
potentially lowering the local groundwater table.

3. Conduct a morphological study
The severity of the channel’s lateral erosion (meandering), can be estimated with a morphological study.
The morphological study examines the channel’s shape and its changes over time by estimating the
sediment transport and predicating how the channel bed will change. With this study, strategies can be
developed to limit excessive erosion and assess the overall sediment transport of the channel and its
influence on habitat formation. It can also provide insights to possible sediment transport blockage at the
flap gate of the intake structure.
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4. Construct a hydraulic model
Constructing a hydraulic model of the ecological channel allows for the consideration of non-uniform
aspects, such as non-uniform cross-sections, bed slopes, bed compositions, energy losses, and turbulence
intensities. This model helps asses the complexities of the local flow variations and the overall flow
conditions in the channel, and their effects on the habitat formation. The hydraulic model should include
the intake structure, flap gate and vertical-slot fish passage, to assess the local flow conditions and their
impact on the fish passability. With this model a more realistic ecological channel design can be developed.

5. Conduct research on the preferred environmental conditions for other river species

The ecological channel is designed to meet the needs of specific river species. Considering other river
species for lotic habitat formation may require different environmental conditions, which may lead to a
different channel design. Therefore, it is of interest to determine the required environmental conditions for
other river species that also rely on lotic habitats in the river Meuse. This assessment can evaluate the
suitability of the current channel design and identify necessary adjustments to achieve these preferred
environmental conditions. This can lead to a channel design that supports a larger group of river species.
However, identifying the necessary environmental conditions for other river species falls in the domain of
ecology and not civil engineering.

6. Conduct further research on the river species
Further studies are necessary to address the uncertainties whether the river species will utilize the ecological
channel when optimal flow conditions are present. This is necessary as it ensures that the channel does not
only satisfy the requirements but also the objective. The uncertainty mainly lies in the unpredictable
behaviour of the various river species. It seems interesting to quantify this uncertainty to take into account
during the design process of the ecological channel. However, this research falls in the domain of ecology
and not civil engineering.

7. Conduct further research on the temporary effectiveness of the ecological channel
The ecological channel can function as a fish passage for river discharges between 400 m®s and 500 m®/s
by incorporating an additional fish passage. Further research is needed to determine whether the presence
of an additional fish passage, which potentially functions for approximately 31 days of the year outside the
main fish migration period, improves the fish passability of the weir complex and whether it is worthwhile
to have this improvement for the increased costs.

8. Compare the channel with a standard by-pass channel
Both the ecological channel and the standard by-pass channel aim to form lotic habitats for various species.
The main difference being the order of magnitude of the channel’s dimensions and inflow rates. Comparing
these two channels on their effectiveness and resilience can help identify ecological advantages and
disadvantages, which can potentially lead to a more optimal design.

9. Conduct a flood scenario analysis
The final design is assessed up to a river discharge of 1627 m%/s, as the weir complex becomes non-
operational beyond this point. Analyzing the channel during and after higher river discharges can indicate
whether the channel remains operational after a flood or requires maintenance measures. Considering the
ecological channel’s entire lifetime provides a clearer indication of when the environmental conditions for
the formation of lotic habitats are achieved.
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Appendix A Area analysis of the weir complex
locations
This appendix provides the area analysis of each weir complex location. It includes aerial overviews with

the surrounding dikes (including their failure probabilities), other hydraulic structures, and an estimation of
the available areas. This appendix supports Chapter 2.
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Figure 55: Aerial overview of weir complex Borgharen and its possible available space for interventions

81



Appendices

Weir complex Linne
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Weir complex Roermond
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Figure 57: Aerial overview of weir complex Roermond and its possible available space for interventions
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Weir complex Belfeld
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Figue 58: Aerial overview of weir complex Belfeld and its possible available space for interventions
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Weir complex Sambeek
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Figure 59: Aerial overview of weir complex Sambeek and its possible available space for interventions
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Weir complex Grave
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Weir complex Lith
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Appendix B General information about weir complex
Sambeek

This appendix provides the current layout and functioning of complex Sambeek. The overall functioning
of the complex is described with a process analysis. The complex mainly consists of a combined Poirée and
Stoney weir, three lock chambers, and one fish passage. This appendix support Section 2.3.

B.1. Combined Poirée and Stoney weir

The weir complex consists of a combined Poirée and Stoney weir, which can be divided into a navigation
and discharge part, see Figure 63. The navigation part is the Poirée section of the weir, consisting of frames
with panel-gates attached to them. Each panel-gate consists of three panel rows that can be removed
separately. The discharge part is the Stoney section of the weir, which consists of two openings with two
vertically moveable gates placed back-to-back on a sequence of roller carriages. Figure 62 shows the main
components of both the Poirée and Stoney weirs.
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Figure 62: Main components of the combined Poirée and Stoney weir (Ankum, Delbressine, Kurvers, & Maes, 2023)

Both weirs regulate the river’s water level. The Stoney weir operates with both an overflow and underflow
and is responsible for the fine water regulation. For low river discharges the Poirée weir is fully closed and
the Stoney weirs regulates the river with the overflow. From a river discharge of about 200 m*/s and
onwards, panels from the Poirée weir are removed to help regulate the river. All the panel-gates of the
Poirée weir are removed for a river discharge of 1300 m?/s. Starting from this discharge the Poirée weir is
fully opened, allowing for ships to pass through the flow opening. In this case the Stoney weirs are also
fully opened and underflow occurs when both the gates are lifted from the riverbed (Kranenbarg & Kemper,
2006). The opening sequence of the weirs are presented in the report (Aubel, 2023). An overview of the
general parameters for both weirs is shown in Table 28.

Table 28: General parameters of the weirs at complex Sambeek (Ankum, Delbressine, Kurvers, & Maes, 2023) and (Aubel, 2023)"

Poirée weir section Stoney weir section

Number of frames 12 Number of Concrete 3
pillars”

Number of panel sections 13 Number of gates 2
Total flow opening 63.05m Total flow opening 34m
Width of one panel 4.85m Width steel gate” 17.0m
Height of upper panel (highest NAP+11.10m Depth steel gate” 1.70 m
level of retaining element) ™
Height of middle panel™ NAP+9.20m Length steel gate™ 2.95m
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Height of lower panel™ NAP+7.30m Highest level of gate” NAP+11.10m
Sill height™ NAP+4.20m Lowest level of gate” NAP+8.40m
Sill height” NAP+5.45m

Figure 63: Overview of the combined Poirée and Stoney weir at complex Sambeek (Heer, 2020)

B.2. Locks with mooring areas

The weir complex consists of three navigation locks: the twin-locks (Dutch: ‘Tweelingsluizen’) that have
identical designs and the original lock. In that time, it was normal for a tugboat to tug two Rijnships through
locks, which resulted in the original lock to have a length of 260 meters (Ankum, Delbressine, Kurvers, &
Maes, 2023). The locks are locally operated from the control house located between the twin-locks. An
overview of the locks is given in Figure 64. Table 29 gives general parameters of all three locks.

Figure 64: Overview of three lock chambers at complex Sambeek (Hensen, sd)
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The ships use the locks to pass through the weir complex for discharges lower than 1300 m®/s (measured at
Sint Pieter) due to the existing water level difference between the upstream and downstream side of the
complex. However, when the river’s discharge exceeds 1300 m*/s and the Poirée weirs need to be fully
opened, the locks become (partially) submerged and lose their functionality. In such cases, the ships
navigate the weir complex by passing through the open Poirée weirs (Aubel, 2023).

Table 29: General parameters of the locks at complex Sambeek (Ankum, Delbressine, Kurvers, & Maes, 2023)

Twin-locks Older lock
Length lock chamber 142 meters 260 meters
Width lock chamber 16 meters 16 meters
Sill height upstream side NAP+4.0m NAP+6.40m
Sill height downstream side NAP+4.0m NAP+3.70m

B.3. Fish ladder

The fish ladder at weir complex Sambeek is located on the island between the locks and Stoney weirs. It is
a V-shaped pool-and-weir fish passage that consists of a series of pools and slots to divide the total water
difference at the complex into smaller more navigable steps for the fish. The fish ladder is shown in Figure
65. Fish are attracted to the highest occurring flow rate due to their rheotaxis orientation sense (Vriese, et
al., 2021). For most of the year, the largest flow rate is through the Stoney weirs, which is why the fish
ladder is positioned next to them, to bring the fish near its outlet (downstream entrance). However, in order
for the fish to find the outlet it requires a suitable luring current.

The current fish ladder is designed with a maximum inflow rate of 4 m®/s and a total maximum water level
difference of 3-4 meters between the downstream and upstream side of the complex (Vercruijsse, et al.,
2021). With this design, the outlet of the fish ladder becomes submerged for river discharges above 400
m?®/s, as this results in rising water levels downstream of the complex (Kranenbarg & Kemper, 2006). The
submerging of the fish ladder’s outlet reduces its luring current, and consequently its findability. Therefore,
it is assumed that for river discharges below 400 m%/s, the findability of the fish passage is adequate.

oo =

TUNNNY.

Figure 65: Overview of the fish ladder at Sambeek (Buiter, 2020)
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B.4. Process analysis

The process analysis presents the operational sequence of events and their corresponding consequences for
the current layout of complex Sambeek. The operational scheme is described below and presented in a flow
scheme in Figure 66. It is important to note that the maintenance of the weir complex is not included in this
flow scheme.

Describing the operational scheme

For river discharges below 1300 m*/s, water level regulation using the combined Poirée and Stoney weirs
is required to elevate the river’s water level for navigation. Initially, the Stoney weirs primarily regulate the
river until a discharge of 200 m*/s. From this point, the Poirée also start to regulate the river. The closed
weirs form a barrier for the passage of the river’s flow, sediment transport, vessels, and fish. Both upstream
and downstream migrating fish use the fish ladder to traverse the closed weirs. The fish ladder is primarily
used by the upstream migrating fish, while downstream migrating fish mainly pass over the weirs. Shipping
utilizes the locks to traverse the closed weirs.

As the river discharge increases, the Poirée weirs are gradually opened until the water level difference
between the upstream and downstream side of the complex becomes insignificant and regulation is no
longer necessary (1300 m*/s < O,uer < 1600 m?/s) . At this stage, the Poirée and Stoney weirs are fully
opened, allowing the river to flow freely. In this case, vessels pass through the open Poirée weir instead of
the locks, as these are (partially) submerged. The fish can also freely pass the complex through the open
weirs.

During flood river discharges (Qsiver > 1600 m?/s), the floodplains surrounding complex Sambeek become
(partially) inundated, and all the subsystems are (partially) submerged. During these discharges, it is
assumed that shipping on the river is inhibited. Following a flood, remediation is required due to potential
accumulated sediment and debris at the weirs, fish ladders and locks.
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Flow scheme of weir complex Sambeek

Leg end

River's discharge
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Figure 66: Flow scheme of complex Sambeek operational sequence
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Appendix C Required habitats of the target river
species

This appendix provides the preferred habitats of the target aquatic plants, macro-fauna, and fish species.
This appendix supports Section 2.4.

C.1. Aquatic plants species

For aquatic plants, those in the main stream and along the banks, it is important to have fluctuating water
levels (Vriese, et al., 2021). The target aquatic plants are shown below, and their required habitats are given

in Table 30. See the report by (Geest, Dorenbosch, Collas, Kessel, & Achterkamp, 2020) for an elaboration
on the aquatic plant species.

Rivierfonteinkruid (Potamogeton nudosus) Slijkgroen (Limosella aquatica)

’ ' " ‘\ N \: ) : D : ; ! h :;_ > ‘_' ' :
Figure 67: Rivierfonteinkruid (Potamogeton nudosus) (NDFF &  Figure 68: Slijkgroen (Limosella aquatica) (NDFF & FLORON,
FLORON, 2015) 2015)

Table 30: Ecological requirements for the target aquatic plants accordi

0 KRW-leidraad (Vriese, et al., 2021

Rivierfonteinkruid (Potamogeton nudosus) | 0,05-0,75 ¢+ kleientussenstenen 1  0,7-15 | nee
(N2000) '
Slijkgroen (Limosella aquatica) (N2000) ' <03 ' klei of slib op zand- of ' droogvallend ‘ ja

grindbodems

C.2. Macro-fauna species

The target macro-fauna species are shown below, and their required habitats are given in Table 31. The life
cycle stages of the target macro-fauna are shown in Figure 76 . It indicates that, aside from the suitable flow
conditions within the channel, tree and other flora are required along the banks of the channel. See the

report by (Geest, Dorenbosch, Collas, Kessel, & Achterkamp, 2020) for an elaboration on the macro-fauna
species.
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Bataafse stroommaossel (Unio crassus) Bolle stroommossel (Unio tumidus)

e\ © Jaf Maviar
Figure 69: Bataafse stroommossel (Unio crassus) (NDFF &

FLORON, 2015) Figure 70: Bolle stroommossel (Unio tumidus) (NDFF &

FLORON, 2015)

Kokerjuffer (Hydropsyche contubernalis) Rivierrombout (Gomphus flavipes)

Figure 71: Kokerjuffer (Hydropsyche contubernalis)
(Observation.org, 2004)

gd
Figure 72: Rivierrombout (Gomphus flavipes) (NDFF &
FLORON, 2015)

Schoraas (Ephoron virgo) Vierlijnseendagsvlieg (Ephemera glaucops)
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9 1 N
Figure 74: Vierlijnseendagsvlieg (Ephemera glaucops)
(Observation.org, 2004)

Figure 73: Schoraas (Ephoron virgo) (Observation.org, 2004)

Zandslurfje (Propappus volki)
A

Figure 75: Zandslurfje (Propappus volki) (Martin & Boughrous,
2012)

Table 31: Ecological requirements for target macro-fauna according to KRW-leidraad (Vriese, et al., 2021)

hstroot boden Jiente

Bataafse stroommeosse! (Unio crassus) ' slib, zand, grind : i 75-200
Bolle stroommossel (Unia tumidus) : 1,30 i  slibzand,grind ! 02-92 : 100-242
Kokerjuffer (Hydropsyche contubernalis) ! <0,95 i hout, grind, stenen, slib, : 205 ! 0,0-210
: ! klei, zand tussen water-
: planten : :
Rivierrombout {Gemphus flavipes) 0,26 i slib, klei, zand, stenen, i 03-3,0 i 12-235
waterplanten
Schoraas (Epharon virgo) <160 ' slib, kiei, zand, grind ' n.b. f 50-26,0
Vierliinseendagsvlieg (Ephemera gloucops) 0,20 ' slib, zand, grind ; <92 : n.b,
Zandslurfje (Propappus volki) : 20,30 E zand, grind, stenen E =0,2 i 20-236
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Figure 76: The different life stages of the target macro-fauna species (Vriese, et al., 2021)

C.3. Fish species

Naturally, the target fish species consists of rheophilic and rheophilic diadromous fish types, as they require
lotic habitats. The target fish species are shown below, and their required habitats during different life stages
is given in Table 32. See the report by (Geest, Dorenbosch, Collas, Kessel, & Achterkamp, 2020) for an
elaboration on the fish species.

Barbeel (Barbus barbus Kwabaal (Lota lota

leiger Harder

Figure 77: Barbeel (Barbus barbus) (NDFF & FLORON, 2015) Figure 78: Kwabaal (Lota lota) (NDi:F & FLORON, 2015)

Riviergrondel (Gobio Gobio) Rivierprik (Lampetra fluviatilis)
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Jedeyor Mt ides

Figure 79: Riviergrondel (Gobio gobio) (NF & FLORON, 2015)

Figure 80: Rivierprik (Lampetra fluviatilis) (NDFF & FLORON,
2015)
Sneep

Serpeling (Leuciscus leuciscus) (Chondrostoma nasus)

2015)

Winde (Leuciscus idus

Figure 83: Winde (Leuciscus idus) (NDFF & FLORON, 2015)
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Table 32: Ecological requirements for target fish species according to KRW-leidraad (Vriese, et al., 2021)

Habitat {adulten)
Barbeel (Borbus barbus) : 0,16-18 _ 2and, grind, stenen* @ 08-50 ! 4,0-30,0
Kwabaal (Lota loto) 0,0-05 ! 2and, grind, sténen* i 10->100 ! 0,0-233
Riviergrondel (Gobio gobio) 5 0,1-08 - slib, zand, grind* : 01-15 : 20-367
Rivierprik {Lampetra fluviatilis) : 1,0-2,8 : nv.t, i 01-50 ¢ 50-180
Serpeling {Leugiscus leuciscus) H 0,1-08 - slib, zand, grind* v 05-50  40-320
Sneep (Chondrostoma nasus) : 02-11 : grind, stenen® i 03-15 ¢ 40-290
Winde (Leuciscus idus) P 005-15 ! slib,zand, grind, stenen® : 03-50 : 4,0-360
Voortplantingshabitat (adulten)/ Opgroeihabitat (eleren en larven)
Barbeel (Barbus barbus) ' 02-12 . grind <10 . 80-250
Kwabaal (Lota lota) : 0,0-0,1 i zand, grind, geinundeerde | 02-08 ¢ 00-50
H H vegetatie H H
Riviergrandel (Gobio gobio) 01-03 : zand, grind, stenen, ¢ 01-05  cal30
: ¢ geinundeerde vegetatie ! :
Rivierprik (Lampetra fluviatilis) 05-10 : zand, grind, stenen/ : 02-15 >9,0
' + fijn organisch materiaal :
Serpeling (Leuciscus leuciscus) 0,02-0,5 +  zand,grind,stenen  : 0,18-030 ! 7,0-100
Sneep (Chondrostoma nasus) . 05-10 E grind . ca.0,30 8,0-140
Winde (Leuciscus idus) 005-05 : zand of grind, i 05-15 ¢ 80-100
: i geinundeerde vegetatie
Opgroethabitat {juveniel)
Barbee! (Barbus barbus) : 02-1.2 ¢ zand, grind, stenen* i 0,2-075 ! <250
Kwabaal (Lota lata) :  00-015 : zand,grind, stenen® : 02-03 : <255
Riviergrondel (Gobio gobio) 0,0-0,2 : zand, grind® i <05
Serpeling (Leuciscus leuciscus) : 0,0-05 : slib, zand, grind* . 0,18-03 <150
sneep (Chondrostoma nasus) 02-1.1 : grind, stenen® i 005-15
Winde (Leuciscus idus) : 00-15 : slib, zand, grind, stenen® : 0,2-5,0 :

* Aduften en Juvenielen 2oeken (tevens) beschutting in grind/stenen, diepe kommen, holle oever, overhangende vegetatie, boomwortels, obsta
kels an/of vegetatie
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Appendix D Fish passage’s target and required flow
conditions

The appendix provides the quantification of the fish passage’s findability and passability requirements and
target values. This appendix supports Subsection 3.1.4.

D.1. Findability conditions for the fish passage

The findability refers to whether the target fish can easily locate the fish passage’s inlet (upstream entrance)
and outlet (downstream entrance). This makes the inlet and outlet design of the fish passage critical for its
findability. The main conditions for the fish passage’s findability depend on the following:

1. Placement of the outlet location 4. Transition of the fish passage’s outlet to
2. The luring current’s magnitude the riverbed

a. The outflow rate 5. Placement of the inlet location

b. The outflow velocity 6. Transition of the fish passage’s inlet to the

3. Direction of the luring current riverbed

1. Placement of the outlet location
Fish are attracted to the largest occurring flow rate in the waterway due to their rheotaxis orientation sense.
Therefore, it is advised to position the fish passage next to the structure with the largest flow rate to increase
its findability (Coenen, Antheunisse, Beekman, & Beers). At weir complex Sambeek, this is typically the
flow over the Stoney weirs, which is why the existing fish passage is placed next to them.

Position downstream of the weirs

The report (Vriese, et al., 2021) states that upstream migrating fish tend to follow an imaginary migration
line along the downstream turbulent zones of the weirs, to find alternative ways to navigate further
upstream, see Subsection 1.2.3. However, the report (Ghodrati, 2021) indicates that the downstream
turbulent zones and the migration line itself do not form a barrier for the upstream migrating fish.

This conclusion stems from hydraulic tests conducted to determine whether upstream migrating fish stop
at the downstream turbulent zones of the weirs or continue swimming until reaching the weirs themselves.
The tests involved multiple fish passage outlets (downstream entrances) located 0 — 7.5 m downstream of
a weir with downstream turbulence intensities up to 1300 W/m?, all with the same luring current. The test
showed that various fish species (both bottom dwelling and non-bottom dwelling species) passed the
turbulent zones, with the entrance located 0 meters downstream of the weir being the most easily found by
the fish.

Therefore, the report recommends locating the fish passage outlet (downstream entrance) aligned with the
weir itself or, if necessary, at a less efficient but still acceptable location less than 5 meters downstream of
the weirs. Anything further than 10 meters downstream of the weirs is considered non-findable, provided
the flow rate over the weirs is higher than that of the fish passage.

Hence, the recommendations by the report (Ghodrati, 2021) is taken into account for hydraulic structures
with energy dissipations below 1300 W/m?, and the recommendation by the report (Vriese, et al., 2021) is
taken into account for higher energy dissipation levels.
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Luring current magnitude
With the fish passage positioned just downstream of the highest occurring flow rate, the fish are in proximity
to the fish passage’s outlet. However, the outlet is only findable if the luring current is detected by the fish.

The detectability of the luring current depends on the fish passage’s outflow velocity and outflow rate
(Ghodrati, 2021).

Outflow velocity

Higher outflow velocities are more detectable for the fish and thus increase the fish passage’s outlet
findability. However, high flow velocities form a barrier for weaker swimmers. Therefore, it is
recommended to maintain an outflow velocity of 1.0 m/s (Ghodrati, 2021). This flow velocity is considered
a flow requirement. It should be noted that this requirement only applies if the fish passage does not have
the highest flow rate at the weir complex.

Outflow rate

As a rule of thumb, it is advised to have a discharge through the fish passage that is a minimum of 5-10%
of the river’s discharge during the fish’s migration period (Coenen, Antheunisse, Beekman, & Beers). This
discharge range is taken as a target flow condition and not as a requirement.

Direction of the luring current

The report (Coenen, Antheunisse, Beekman, & Beers) and (Kroes & Monden) states that the fish passage’s
luring current should be perpendicular to the river’s flow to increase its findability, as this positioning
allows the luring current to have the largest reach and pulling force. However, the report (Ghodrati, 2021)
indicates that the fish passage outlet is more easily located if the luring current is parallel to the main flow.
This conclusion stems from hydraulic tests conducted to determine which luring current direction is most
easily found by the fish. The considered directions where 0°, 45°, or 90° to main flow, see Figure 84 Seeing
that the advised luring current direction in the report (Ghodrati, 2021) is supported by hydraulic tests, it is
considered as a flow requirement in this report. Hence, the luring current of the fish passage must be parallel
to the river’s flow.
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Figure 84: Overview of the hydraulic test to determine the most optimal luring current angle (Ghodrati, 2021)

Placement of the inlet location

The fish passage’s inlet (upstream entrance) must not be positioned too close to the weirs, as fish may
abandon the fish passage and approach the weirs or be swept away by the flow of the weirs (Coenen,
Antheunisse, Beekman, & Beers). There is no advised distance for the placement of the fish passage’s inlet.
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D.2. Passability conditions for the fish passage

The passability of the fish passage depends on the geometrical and hydraulic dimensions of the fish passage.
The geometrical dimensions refer to the water depths and widths of the flow openings within the fish
passage. The hydraulic dimensions refer to the flow conditions within the fish passage, such as flow
velocities, water depths, and energy dissipation. These conditions must be limited to ensure safe passage
for all target fish species (Ghodrati, 2021).

Target Geometrical dimensions

The required geometrical dimensions to achieve the necessary flow conditions in the fish passage are based
on the representative fish expected to use the fish passage. For the river Meuse, the representative fish is
the Europe Meerval. The size of the fish is shown in Figure 85. The required ratio between the geometrical
dimensions and the fish’s size is described in the report (Ghodrati, 2021) and shown in Table 8.

Hvis

0.26 m

R
f

1 .
—
Lve=160m | Dvis = 0.24 m

Figure 85: Size of representative Europese Meerval fish (Ghodrati, 2021)

Target Hydraulic dimensions

The required hydraulic dimensions to achieve the necessary flow conditions in the fish passage are based
on the representative fish expected to use the fish passage are based on the characteristics of the fish zone
the passage is in. This ensure suitable flow conditions for all fish species within this fish zone. Weir complex
Sambeek lies in the Brasem fish zone. The corresponding hydraulic dimensions are described in the report
(Ghodrati, 2021) and outlined below.

Water level difference and maximum flow velocity over weir/slot

The water level difference (4h) over the weir/slot is the difference between the water level upstream (h1)
and downstream water level (hs) relative to the deepest part of the weir/slot, as shown in Figure 86. This
water level difference determines the flow velocity and turbulence intensity over the weir/slot. Larger water
level differences lead to higher flow velocities and turbulence intensities. Therefore, it is crucial to limit the
water level difference to control these values. According to the report by (Coenen, Antheunisse, Beekman,
& Beers), the water level difference should be limited to 0.08 m, especially as inaccuracies occur during
the construction of the fish passage, which can lead to higher water level differences in practice.

According to the report by (Ghodrati, 2021), water level differences below 0.10 m create passable flow
conditions for the fish species in the Brasem fish zone, while differences above 0.15m likely makes the fish
passage impassable for several fish species. Therefore, water level difference below 0.10 m are taken as the
target values, and a difference of 0.15 m is taken as the maximum acceptable value.

In addition, the water level difference in combination with the upstream water level of the weir also
determines the drowning rate for the weir (S), which can determine whether a weir is fish passable (Coenen,
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Antheunisse, Beekman, & Beers). The minimum value for the drowning rate (S) is 0.5. The equation to
determine the drowning rate is:

hs hy—Ah Ah
S=q =205 hl > »- 3

Where: -
S = drowning rate of the weir [-]

h, = water level upstream of the weir [m]

hs = water level downstream of the weir [m

Ah = water level difference over the weir structure [m]

Figure 86: The water level upstream and downstream of a
welr

Maximum flow velocities

The maximum allowable flow velocity in the fish passage is set to 1.0 m/s to ensure it is passable for smaller
and weaker swimming fish. It also limits to occurrence of excessive erosion in the fish passage. The flow
velocity over/through the weirs/slots can be higher, as fish can sprint over a short distance. This is known
as their sprint swimming speed (Dutch: ‘Sprintsnelheid”), which they can maintain over a distance of 1.0
m (Ghodrati, 2021). This maximum flow velocity over/through the weirs/slots depends on the water level
difference and is calculated with the following equation

Umax,opening = 2-g-Ah

Where:

Umax,opening = Maximum flow velocity over the weir/slot [m/s]
g = gravitational acceleration [m/s?]

4h = water level difference over the weir/slot [m/s]

With the target water level differences of <0.10 m, the target flow velocity is < 1.4 m/s. With the maximum
water level difference of 0.15 m, the maximum allowable flow velocity is 1.7 m/s.

Maximum flow velocity at fish passage bottom

It is important to have lower flow velocities at the bottom of the fish passage to accommodate the weaker
swimming fish and bottom-dwelling fish species. According to the report by (Ghodrati, 2021), this can be
achieved by adding a 20 cm thick rough substrate layer to the bottom of the fish passage. It has been
empirically determined that this reduces the bottom flow velocity to one-third of the average flow velocity
of the fish passage. Therefore, the maximum target bottom flow velocity over/through a weir/slot is 0.45
m/s, which is one-third of the target flow velocity. The maximum allowable bottom flow velocity
over/through a weir/slot is 1.0 m/s.

Energy dissipation the fish passage

The turbulence intensity over a weir/slot corresponds to the energy dissipation over it. This energy
dissipation must be limited to the amount of energy a fish can produce in one second per cubic meter (m®)
to navigate the flow (Ghodrati, 2021). The energy dissipation depends on the flow’s energy and the volume
of the pools. The flow’s energy is determined by the flow rate and the water level difference over the
weir/slot. This energy must be fully dissipated in the pools, meaning the pool must have sufficient volume
to achieve this. The energy dissipation over a weir/slot structure is determined with the Larinier equation:

Szp'g'Qinflow'Ah
Lpool ' Bpool “h,
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Where:

& = energy dissipation

p = water density [kg/m?]

Q = flow rate [m%/s]

Ah = Water level difference over the weir/slot [m]

Lpoot = length of the pools [m]

Bpoot = width of the pools [m]

hs = water depth downstream of the slot relative to fish passage bottom [m]

The target energy dissipation is < 100% , and the maximum allowable value is < 150 W /m?3 (Ghodrati,
2021).
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Appendix E Equations describing the channel’s
hydraulic processes

This appendix provides a brief overview of the concept of equilibrium flow depth and the four fundamental
hydraulic equations used to described the relationships between the channel’s parameters. The appendix
supports Section 4.1.

General simplifications

Since these equations have interrelated relationships, they are solved iteratively until a convergence is
reached between the parameters. In addition, several general simplifications are made to enable an
analytical determination of the channel’s design. These simplifications include that the channel has:

e Gradually varying flow e Subcritical flow
e Quasi-uniform flow e Turbulent flow
e Hydrostatic pressure e Incompressible fluid

Equilibrium flow depth concept

As stated, uniform flow is initially assumed in the channel based on which the corresponding equilibrium
flow depths and depth average flow velocities are determined. These are constant throughout the channel
and indicate the stable equilibrium state the channel gradually adjusts to. This adjustment occurs over a
certain length, known as the adaptation length (Blom, 2021). If the ratio between the adaptation length and
the channel’s length is small, then a significant portion of the channel’s water depth closely approximates
the equilibrium flow depth. Hence, the equilibrium flow depth is used to establish initial channel
parameters.

The equilibrium flow depth occurs when the channel’s bed slope and friction slope are equal (ip = i),
resulting in a water depth gradient of zero (% = 0). Substituting this water depth gradient into the Belanger

equation leads to a non-linear equation, as the wet perimeter (P), wet cross-sectional area (A), and friction
coefficient (¢r) depend on the channel’s water depth. This relationship is shown in Table 33. The equilibrium
flow depth is approximated by iteratively solving the non-linear equation.

Equation 1. Belanger equation (Backwater curve equation)

The Belanger equation is used to determine the water depth profiles, also known as the Backwater curves,
of the channel. The equation describes the gradual water depth variation upstream of the channel’s
downstream boundary condition. For the ecological channel, this downstream boundary condition
corresponds to the water depth at the channel’s outlet (dsc), where the channel’s cross-section remains
uniform. Given that the Belanger equation applies to flows with gradual variations (quasi-uniform flow),
any abrupt change in the channel’s geometry, such as narrowing the channel’s outlet, would shift the
boundary condition upstream of this variation. The Belanger equation and its corresponding parameters are
shown in Table 33 and Figure 87. The channel’s depth averaged flow velocity is determined by the

_ Qeco

channel’s flow rate and wet cross-sectional area: u,,,g = "

Typically, the outflow from the channel to the river experiences energy loss, resulting in a lower water
depth at channel’s outlet (dsc). However, for an initial channel design, this energy loss is neglected, as it is
assumed that it is insignificant compared to the channel’s friction loss.
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Table 33: The Belanger equation and its parameters (Battjes & Labeur, 2017)

Belanger equation and its parameters

ad _ iy dd/ds: water surface slope variation [-]

s 1-Ff ip: channel’s bed slope [-]
i: channel’s friction slope [-]
F.: Froude number [-]

P = cr-QécoP Qeco: channel’s flow rate [m®/s]

f g-A3 cr: Channel’s bed friction coefficient (roughness coefficient) [-]
A: channel’s wet cross-sectional area [m?]
P: channel’s wet perimeter [m]

, Qo B Qeco: channel’s flow rate [m*/s]
T g A3 B: Channel’s top width [m]
A: channel’s wet cross-sectional-area [m?]
i = Az Lchannel: channel’s length [m]
Lenannet Az: difference between the channel’s inlet and outlet bed levels [m]

Az = Zinket — Zoutet Ziniet: the bed level at the channel’s inlet [m]

Zoutlet: the bed level at the channel’s outlet [m]
d, > %= de: equilibrium flow depth [m]
Ve gs- 02 Qeco: channel’s flow rate [m®/s]
co e cr. Channel’s bed friction coefficient (roughness coefficient) [-]
p ip g A: channel’s wet cross-sectional area [m?]

P: channel’s wet perimeter [m]
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Figure 87: Overview of the channel parameter’s influencing the Belanger equation.

Equation 2: The White-Colebrook equation

The channel’s bed roughness is described by the friction coefficient (cr) instead of the Manning or Strickler
coefficients. This choice is made because the friction coefficient accounts for effects, such as the channel’s
water depth and bed roughness height, allowing for a more accurate representation of the channel’s bed
roughness. The channel’s friction coefficient is determined with the White-Colebrook equation. For an
initial channel design, it is assumed that the channel has fully turbulent and hydraulically rough flow
conditions. Table 34 shows the White-Colebrook equation and its corresponding parameters for these flow
conditions.

Table 34: The White-Colebrook equation for turbulent and rough flow conditions (Blom, 2021)
White-Colebrook equation
1 12-R cr: channel’s friction coefficient [-]
\/_c—f = 505 - log kg ) R: channel’s hydraulic radius [m]
A: channel’s wet cross-sectional area [m?]
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R= é P: channel’s wet perimeter [m]
T p ks: channel’s equivalent bed roughness height [m]
ks =3.5 - d,s dnso: nominal diameter of the channel’s bed
material [m]

“The factor 3.5 is an empirically determined factor

Equation 3: Shields equations

In addition to the required water depths and flow velocities, the ecological channel must have a stable
channel bed, meaning there is no excessive erosion in the channel. This stability is achieved by establishing
a channel bed with a critical flow velocity that is higher than the occurring flow velocities. The critical flow
velocity indicates the point where the bed material starts moving. This critical flow velocity is determined
with the Shields equation, see Table 35. The Shields equation assumed deep-water conditions

(—Later depth o 5y For an initial channel design, the slopes and turbulence effects are neglected.

grain diameter

Table 35: The adapted Shields equation and its parameters (Schiereck & Verhagen, 2019)
Shields equation
_ CJdpso D ¥, K, U, critical mean depth average flow velocity [m/s]
U = K ¥ critical Shields parameter [-]
v A: relative submerged density of the bed material [-]
C= / g/cr

C: Chézy coefficient [Vm/s]
cr. friction coefficient [-]
-1 dnso: Nominal diameter [m]
Ks: slope effects that decreases the channel bed’s strength [-]
Ky: turbulence effects that increases the load on the channel bed [-]

A= Pbedmaterial

pwater
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Appendix F Determining the channel’s flow conditions
for uniform flow

This appendix provides the Python code used to iteratively determine the channel’s uniform flow
conditions. Comments are provided throughout the Python code to help follow the process. The channel
parameters and average flow conditions are shown in Table 36. The flow conditions in the channel’s
thalweg and bank areas are shown Table 37, Figure 88 and Figure 89. This appendix supports both
Subsections 4.1.4 and 4.1.7. The values that support these subsections are referred to as the initial values
and final values, respectively. In addition, this appendix also provides the Python code used to estimate the
occurrence of river discharges below 30 m®/s.

F.1. Calculating the flow conditions for uniform flow
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In {1]:

In [2)

Importing the required libraries

isport nompy #s np

import matplotlib.pyplot sx plt
isport natplotlib

Ymatplotlib inline

import pandas as pd

from pandss Lleport read_csv
from scipy.stats import nore
ispart sutplotlib.cm ns ca
isport cnoth

isport math

g e 9.8
rho = 1008 #hp/el

Ecological channel's parameters

CHARNNEL 'S BED ELEVATION

z_inlet_end « S.35 ANAM oo the chanmel 'z {mirtol (ntet bed elevotion ¢ 242 N
2_0utlet_start = 7,01 Seeaicaiaan the channel's (mitlol outler ped elevation Il“n‘l v al“es
2_inlet_and » H.95 ANAre 9 T the channel ‘s final inlet et wlevotion

z_outlet_start = 7,21 #(-evcrerenn the chanmmel ‘s final outlet bed elevation C-—Final valnes

z = z_inlet_end - =_outlet_start #chumwel ‘s Sod level gifference (4c)

CHASNEL 'S LENGTH

L = [3500)
iv_list =« [)

for 4 in range(len(l)):
ib = dz/L[4)
ib_list.mppendd({{“L Im]': L[}, "4z [»]1°: o2, “ib‘: ib))

df_slope = pd.DataFrame{ib_list) # add the cbove pareseters into o dotefrome
dizploy(df_slope.head{20))

CHANNEL 'S INFLOW RATE

one_weir = []
Quaim = [5, 12, 20, M, 20, 58] € -ves the imitial (ofiow rate raonge
Qaie = {5, 0.6, 12.5, 15, 0] e Final inflow rate ruonge

for 4 in range{len(Q_aim)):
Queir_inflow » Qain[i]
ore_weir.append({ 'Queir [m3/s]': Queir_inflow})

df weir = pd, DataFrame{cne_weir)
display(df_welir.head(28))

Lim} Ar[m) i Lim) Az [m] b
o o 214 sowen €—Initial values o w0 172 soodsr  g———Final values

Quwir (s} Qweir (mis)
0 ; ¢ ST T

o 50—

: 18 . 1 66
2 » Initial inflow rate range i Final inflow rate range
2 .~ ) 1o
> o ‘ 20 g
5 U
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Channel's cross-section: compound trapezoidal

In [3]): bottem_level = 2 outlet staet Ausing the cross-section ut the channel s outlet for the colculotions

floodplain_level s 12 #Ndf+ #<----—-ground elovation of the surcounding fleodplains

INITIAL CHANNEL PARAMETER VALUES o
b_bottom = 24 #o--enoee Inltinl botzom width af the channel
y_step = @,5 B Initinl thalweg and donk drea step height <«—Initial values
a_stop = 5.8 Ne----- Imitiol donk oren’s step width
WSTep = 2 Fie--een Initial channel s bod slopes

FINAL CHANNEL PARAMETER VALUES
b._bottom = 12 #er-reeeemrrencarn-- the finol botton width
y_step = 8.5 M-vvvrr Inditiol tholweg and bonk areq step height «—
a_step = 4.0 M-----v Ivitiol bank arev's step width Final val“es
nstep =2 Fl------ Initdol chonnel’s bed slopes

a_thalweg = b_botton/2 #dividing the chanmel into two halves to siapify the plot of the tross-section
step_height_a m = [(0.5, a_thalweg, m step), (y_step, a_step, m_step), (y_step, a_step, m_step)] #thulweg, bouk orea 1, 2.,
N = lon(step_helght_a_w) # the number of steps; thalwey, tank areq 1 and 2

# poraweter for the area rewuining between the chonnel wnd the fipedplatas,

a_over = 1

n_over = O

¥ deawing the chamnel 's cross sectionol shape

def draw_erpty trap(N, bottom level, step height _a m, b _bottoms, level Floodplain, a_over, m_over):
x_cor = (8]
y_cor = [bottom_level]

step_a » step_helght_a m[a)[1]

b_thalweg » b_tottom - (2"step_a) #Fensures thot the thalieyg's bdottom gligns with the channel 's hottom
w_list « [b_thalweg]

b_list = []

4_list » []
a_list = []
m_list = []

for 1 in range(N):
d_list.append(step_helight_a_r[1][e])
a_list.oppend{step_height_a m[i][1])
m_list.append(step_height_a m{i][2])

*8 » x_cor[-1]
yeé » y_cor[-1]

a1 o= x@ e a_list[i]
yi=y@ s+ d

x_cor.append(x1)
y_cor.append(yl)

X3 = x1 « (m_list[d] * a_list[i])
y2 = y1 « o _list[{]

x_cor., append (x2)
y_cor-append(y2)

b= (2% a_list[i]) » w list[i]
wo=b e (m_list[i) * d_List[E] * 2)

b_list.append(b)
w_list. append(w)

Aremaining depth between the chamnel and floodplains
y_over = level_floodplain - np.sus(d_list) - bottos_level
d_list.appendly_over)

n_list.append(a_over)
a_list.append{s_over)

x1_over = x_cor[-1] + a_over
yl_over = y cor[-1] « @

x_cor.append(xI_over)
y_cor.append(yl_over)

x2_over = x1_over « (m_over * y_over)
y2_over « y1_over s y_over
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X_cor. append(x2_over)
y_tor.appenc(y2_over)

b_aver = (I * a_over) + w_list[-1]
w ower = b_over + (n_over * y over * 2)

b_list.appond(0_over)
w_list.append(w_over)

w list = w_list[1:]
y_tot = np.sum(d_list)
x_cor_spiegel = [-x for x in x_cor]

pit.plot(x_cor, y_cor)
plt.plot(x_cor_splegel, y_cor)
pitoxdin(-x2 over - &, x2_over + 5)

pit.xlabel("x [n]')

plt.ylabel( slevation [w]')

plt.titlo('front view of the compound trapezaidal cross-sectioa’)
plt.gria()

plt.show()

ceturn o_list, a_list, =_list, b_list, w_list, y over, y tot

d_1ist, a_list, m_list, b _list, w_list, y over, y_tot « draw_sspty_trap(N « N, battea_level « botton_level,
stop_height _a m = stop_height a m, b_bottom = b_bottoem, lovel_flcodplain = floodplain_level,
a_over = a_over, m_over = m_over)

print(f the total depth of the channel (at the outlet) (s {np.round(y_tot, i)} n")
print(#'the chanmel dottom hed is: (b _bottom) m*)
peint(f"tha channels area top width 15: {np.round{w_list[-1],2)} ")

Initial values Final values
front view of the compound trapezoidal cross-section front view of the ¢ d traperowal cross-section
u u |
Ew Ly 1
i ’ 2 ’ ‘
. $ —
? - * - r .
-% -20 -10 ] 10 x » -39 -19 ° » »
%= wim]
tho total depth of the channel (at the outlet) is: 4,79 m the total depth of the channel (at the cutlet) is: 4,79 m
the channel bottom bed is: 28 m the channel bottom bed is: 12 »
the channels area top width is: S8.8 n the chamnels area top wicth is: 38.8n
in [4]): MAKING LISTS OF THE CROSS-SECTIONAL DIMENSTOWNS

breedte_hoogte_slope « []
for § in range(len(b_list)):
breedte_hoogte_slope.append((b_listfi], d_list[i], m_list[i]))

print(breedte hoogte slope)
# peintl'd', sus({d for b,d,m in heewrdte hoogte_siope]))

4

Calculating the channel's flow conditions for uniform flow
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In [5]: def Newtonltecation de(intervals, de_0, Q, breedte_hoogte_slope, So, dnS®, L_channel, z_outlet_start): Witerutive process
sunifor flow <3 friction slope = bed slope (5 = 30)
deo_list « [de_0]
delta = 1.65 # usad (n shicls PQUOLIONC-srsressssssssssssssrsssnssran
shields = 8.83 #7 used in shields equationd

SF_1ist » []
cf_list » []
Fy_list = []
u_list = []
diffecence_11st _de = []

Reot_list = []
Atot_list = []
Pot_list = []

u_critical_list = []

bresdte_hoogte_hoek « breedte_hoogte_slope
for i im range{intervals):
X e 8
Atot = @
PFtot = @
top_width = @
for b,d,m in breedte_hoogte hoek: loop for determining A, P, A, ond the topwidth
if do_list[S£] » dex: M is For the depth of the channel not the woter depth
X = dex

Atot = Atot + (b * d) + (m * (a**2))
dMdy = b+ (3*md)

Ptot = Ptot + (b + (2*d*np.aqert(1+(m**2)))) - top_width
UPdy = 2%np.sgrt(i+(m**2)) Ndoes not include top width, as (¢ 15 o constont

top_width s b 4 (2 * m * d)
top_width dy = 2 * o

else:
Atot « Atot » (b * (de_Mst[i]-x}) » (m * ((de_list[1]-x)**2))
dAdy = b « (2*m*de_list[i]) - (2*x*m)

Ptot = Ptot + b + (2%(do_list[i]-x) * np.sqrt(le(m**2))) - top width
dPdy = 2*np.sqrt(le(m®*2)) wdows not (nclude top width, av 1t {5 a constant

top_width = b + (1 * = *(de_list{i] - x))
top width dy = ! * n

brusk
Atot_list.append(Atot)
Ptot_list.append(Ptot)

o¢From this point the colculotions are performed for the totol cross-sectioncl areo, wet periseter and hydravlic rodius
Rtot = Atot/Ptot
Rtot_list.append(Rtot)

CNSNENONONIRE WHITE COLESROON EQUATION M NERENS NN

ks = 3.5 * dn50 fossumed d50 comstant throughout the channel
of » (1/(5.75%p, logl@((12*Rtot)/ks))) ** 2
(Fillst.awend(cﬂ

Sf = (cf * (Q**2) * Ptot) / (g*(Atot**3)) #friction slope
Sf_list, append(S¥)

Fy = ((So / Sf) « 1) ¥Fuaction of de (F(de))
Fy_List.append(Fy)

dSfdy = ((Q**2) * ((cf*Atot*dPdy) - (I*ci*Ptot*dady))) / (g * (Atot**4)) Mderivetive of the friction stope
dFdy = -So * (Sf**-2) * dSfdy ederivative of the funciton Flde)

de = (de_list[i] - (Fy/dFdy)) ¢new depth
de_l1ist, append(de)

ueQ/Atot & flow wiecity
u_list.append(u)
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diffarence_de « do_list[iel] - de_list[i]
difference_list_de.append(difference_de)

CHENFRRBRERERINENRE SHIELDS EQUATION SHSNRNEBRRNERE

ocriticol flow velocity where sediment tranmsport occurs (most critical af [owwst water depth)
C = np.sgrt{g/c¥)

u_critical = € * np.sgred{shields * delta * dn50)

u_critical list.sppond(u_critical)

—_— —

if np.abs(Fy) ¢ 104%-10: & chech whether Fde) (» close to fera
& print( 'converged”)
break

return de_list, Sf_list, Fy_list, difference_list de, cf_list, u_list, Rtot_list, Atot_list, Prot_list, u_critical_list

de_results = []

de_print = []

I I de @ « initial guess for the equilinrius sater depth
@058 » 3,38 * (18 *%.3) N¢ovonno the tnitiol friction coefficlent

dn%8 = B.078 M- rvrrrsrrrrmrrnas the final fricttan cooffictent

for k in rangs{lun(af_weir[ 'Qweir [mi/s]'])):
for j in range(len(df_slope['L [w]'])):
de_list, SE€_list, Fy_list, alff_list, of_list, u_l1st, R e, A_e, P o, u_crit » Newtonitecatlion_de(intervals = 1090,
do_ 8 = de_8, Q » df_walr[ Queir [n3/5]"1[k], breedte_hoogte_slope * breedte_hoogte_slope,
So = df_slape "ib']{j].dn%e = dn%®, L_channel = df_slope['l [®]'],
z_outlet start = 2z _outlet_start)

de_results.append(('Qweir’: df_weir] 'Queir [mi/s]'][k], 'L't df_slope['L [=]'][§], 'ds [m]': dz,
'ib': df _slope['ib']{), "ATiA_e, P_e': Pe, 'R': R_e,'cf': cf_lst, 'ef_flaal': of_list{-1],
'det: de_list, ‘u'r u_list, ‘de_fioal':r ce_list[-1], ‘u_e': w_iist[-1], '« u_crit': w_crit]-i]})

de_print.append{{'Qeco [n3/s]": df welr{'Queir [n3/s]"][k], ‘Lehannel [m]'t df_slope['L [®]'][§], '&z [m]": d2,
*ib't df slope['ib'][§], "N _bottom [m]': b _bottom, 'y bank [n]': y_step, "a_bank [m]": a_step,
‘m_side slope's m_step, '@n5E [m)': coS@, 'A [m2]': op.round(A_e[-1],2), P [m]'1 np.round(P_e{-1],2),
' [m]': np.round(R_e[-1],2), ‘cf(de)': cf_list[-1], ‘de [m]': np.round(de_list[-1],2),
‘u_avg [m/s)Tt np.rounii(u_list[-1),2), ‘u_crit [m/s]': ng.round(u_crit|-1],2)))

df_de = pd.Dataframe(de_results)
¥ displuy(df de head(38)) Wi-vvanves this datafrume shows the Lists with all the (teration volues

for p An rangelen{af_de['cf ])):
print(f*number of iterations for each inflow rate: {len(df _de['c® 1{p])}")

df_de_print « pd.Dataframe(de_print)
display(cf_de_print.hoad(38)) #¢---vov- this datoframe thows the final values gfter iterating
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Table 36: Overview of the channel's initial and final average flow conditions for uniform flow

Initial flow conditions

nunber of iteration: for each inflow rate: 139
nusber of iterations for each inflow rate: 16
nunber of iterations for each inflow rate: 16
number of iterations for each inflow rate: 14 -
nunber of iteraticon: for each inflow rate: 14 Di‘pﬂl ay i‘l‘ﬂg(‘
nusbar of iterations for sach inflow rate: 13 ﬂo“. Ve‘o"it\'
Qece  Lchannet Ax B_bottom y_bank a_bank ans0 A R de u_avg u_cm
[3is) m d im] m) L TN e T G = Tt o S L I
[} 3 3500 214 000061 2 05 50 2 D2CAIA  T44 218y 034 0004580 038 () 058
1 0 W0 21¢ 00005 20 oy 50 2 0000 1330 1261 041 00043 0% am 060
2 2 30 2.4 000001 2 oh 50 2 000318 04 300 001 o00aM2 0% (-] o
] » 500 214 0000811 20 0§ 50 2 000AtR 7924 4470 065 0003778 105 14 06s
4 0 W0 214 Q00051 20 o5 5.0 2 0DOIIN 3389 4520 077 Q00INS 1R 114 066
§ “ 3500 24 000081t 20 05 50 2 U000TE 4024 4580 OB8 OLOMM 1 124 oor
A
Final flow conditions
number of iterations for sach inflow rate: 2@ o -
number of iterations for each inflow rate: 18 qullllbnllm
number of iterations for esch inflow rate: 17
number of iterations for each inflow rate: 15 flow dep(h Critical flow
number of iterations for each inflow rate: 17 %
velocity—,
Geco  Lehanned Az B _bottom  y bank  a_bank éns0 A r e u_wvg u_cra
[dis] m » m) tm] pmj M-woeslope gy gmzy PIM g NN gy G s
0 50 3500 174 00007 12 as 40 2 0D7B 1247 2343 053 0018135 076 040 1.63
1 ot IO 176 0.00MET 2 o8 w0 2 0078 1405 B4 001 QOO 000 045 1.00
2 128 3500 174 D.0DMEY 12 as 40 2 DO78 2425 3334 073 Q013356 119 052 1.08
3 %0 IS0 174 000MeT 7 o5 40 2 0078 204 NES GBS o01MO8 13 057 175
< 20 000 174 QODNET n as Lo 2 0O7F 3202 M3 ONI 001034 14y naz 1.80
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Checking that only sub-critical flow occurs in the channel

In [6]): CHAMNEL "S5 FNICTION COEFFICIENY, SEF IF CF > 8 axsay Xy
for n in rangellen(df_de| ‘Quelr'])):
df_slope|'cf'] » df_de|'cf_final'][n]
df_slope[ 'Queir'] = df_de[ 'Qweir” ][n]
af_slope['de'] = of _de[ 'de_rinal’'][n]

oty sub-criticol flow (¢f » (b)

requirement » df_slope['ib'] « af_slopel ‘cf'] #super als cf < 1b ; af_slape) 'cf") < af_slope]'ib')
super_critical_flow = d¢f slopef'ib'] » df_slopo|'cf'] ¥ super_criticol_flow « reguiresent > -&.882
df_slope = ¢f _slope.drop(df_slope|super_critical flow].index)

df_slope = df_slope,reset_index(dropsTrue)

o display(df_slope. head(28))
Determining the flow depth and flow velocity in the thalweg and bank
areas

In [7): #umifar flow <> friction slope » bed siope (Sf = 50)
b_hoogte_siope = []
for 1 in range(len{a_list)): #wmairing » list where the thaleeg mnd bank orec dimensions are sepurvte
1f 1 «= a2
b_hoogte_slope.append({a_list[i] * 2, ¢_list{i], m_list[i]))
else:
b_hoogte_slope.sppend({s_1ist{1], d_list{1], »_list{i)))

g

InfoPerStep(ylist, b_hoogte_slope, dnbe, So):
g 0.8
b_hoogta_hoek « b_hcogte_slope ¥chasen porameters cross-zectian

ds_step = []

intervals = 1890
delta & 1,85 & used in shlels wquution
shields = 0.83 #¢ used in shields equation(----—=v--reemeomeeeenn.

ylist = [ylist] * intervals

for & dn ronge{len(ylist)):
#info per step
which_step = []
A_step_ st =[]
P_step_list = []
R_step_list =[]

d_stop_list » []
u_step_list = []

cf_step_list » []
Q step_list =[]
Sf_step list = []
w_eritical_list » []

X «8

for index, (a,d,m) in enumecate(b_hoogte hoek):
iF ylist[i] > dexy

# cross-section porascters for holf the step

A_section « (3 * d) ¢ ((1/3) * m * (d**2)) » ((a « (n * ) * (yMst[i] < (@ « x)))
P_section = (a « (2*d*np.sqrr(i+(n**2))) )|

R_section = A _section / P_section

FRONNENE MITE COLEBROON EQUATION swraseversw

PrLow paraseters por section

ks = 1.5 * dnS@

cf_section = (1/(%.75*np.ToglO{(12*R_section)/ks))) ** 1 m» deterwmine of far eoch hydraulic radius of eoch atep

AEXIRRXNERESHIEL DS FQAUATION XRORENIRFEZTNG

#critical flow velocity where sediment trunsport occurs (most criticol or lomest water dopth)
C_section » np.sqrt(g/cf_section)

u_critical section = C _section * np.sqrt(shields * delta * dnb8)
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# Sf = So (urifore flow)
SF_section = So

Q_section « {np.sqrt{g/cf_section)) * (A_section) * ((A_section/P_section) ** {1/2)) * (Sf_section ** {1/2))

u_soction = Q_soction / A_section

which_step,append(indexsl)
A_step_list.append(A_section)
P_step list.append(P_section)

R_step_list.append(R_section)
cf_step_list.append(cf_section)

SF_step_list.append(Sf_section)
u_critical list.append(u_critical_section)

Q_step_list.append(Q_section)
u_step_list.append{u_section)

X & dex

d_step_list.append(x) mwater depth in each aection

else!

¥ crass-section puraseters for half the step

A _section » (3 * (ylist[d] -~ x)) « ({1/2) * = * ((ylist[1] - x)**2))
P_section = (3 » ((ylist{i] - x)*np.sgrt(ie(m**2))))

R_section » A_section / P_section

d_step_list.append{ylist{i]«x) Moter depth in eoch section

SUERENEN WMITE COLERROOK FQUATTON Spsssisness
ks » 3.5 * dn58

cf_section » (1/(5.75%np, loglB{(17*R_section)/ks))) ** 2 ## determine of for wich hydraulic rodius of each step

SURRIRTISHISHIELDS EQALATION NUNINESNRINENY

#oritical flow welocity where zedisent transport occurs (most criticol af lawest water depth)

C_section = np,sqrt(g/cf_section)
u_critical_section = C_soction * np.sgrt(shields * delta * dn3d)
— —

& for now 5f = 50
S¢_section = S0

Q_section = (np.sqrei{g/cf_section)) * (A_section) * ((A_section/P_section) ** (1/2)) * (Sf_section ** (1/1))

u_section = Q section / A_section
which_step.append(index+1)
A_step_list.oppend(A_section)
P_step_list.append(P_section)
R_stop_list.append(R_soction)

cf_step_list.append(cf_section)
Sf_step_list.append(SFf_section)

u_critical list.append(u_critical_section)

Q_step_list.append(Q_section)
u_step_list.append(u_section)

broak

Q_step_total » Q_step_list{o] « (I * sum{Q step_list{1:]))
u_step_total = sum{u_step list) / len(u_step_list)

ds_step.append({'Q (n3/s]': df_de[ "Queir’][J], 'L [w]': df de{ L ][]], 'de [m)": np.round(ylist{i].2),

"step’: which_step, ‘d_step [m]': np.round(d_step_list,2),

‘ef _step”: np.round(cf _step list, 6),'u_step [n/s]": np,round{u_step list,2),

‘u_crit [m/z]": np.round{u_critical_list, 2)})

return ds_step

total_step_data = []

for 3 4n ronge(len(df_de| 'de Final'))):

ds_step » InfoPerStep(ylist = of _def de final'|[3], b _hoogte_slope = b_hoogte_slope, dn58 = dn3@,

forint each dotafrase separately,

So = df_slapael‘ih* ]{a])

Brach dotofras corresponds Lo d channel Lenygth and (nflow sute combination
df_ds_step » pd.DataFrame(ds_step)

Rahow the First valwe of coch dotofrow
disploy(df_ds_step.head{l))

ouh step hox the iteraotion volue, sa {t iz g dotafram with a 1090 vaoluex
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Table 37: Overview of the channel's initial and final flow conditions per section for uniform flow

Initial flow conditions per section
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Figure 88: Cross-sectional view of the channel's initial flow conditions for uniform flow
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Figure 89: Cross-sectional view of the channel's final flow conditions for uniform flow
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F.2. Estimating the occurrence of river discharges below 30
m3/s
Discharge at Venlo

In [2]: ®isporting the discharge data from the Rijkswaterstoat waterinfo website at VENLO
data_discharge » pd.read_csv('28210907 M2.csv’, encoding « ‘unicode escape’, delimiter « ';')
¢ dota_dischorge.heod()

# dotg_discherge.infof)

In [20]: #Manually remouving the column with NAN values and column with undeeded information for the merging
df_VENLO = data_discharge.drop{[ 'MONSTER_IDENTIFICATIE', 'TYPERING_OMSCHRIJVING', 'TYPERING_CODE', 'GROCTHEID_ CODE',

'PARAMETER_OMSCHRIJVING', 'PARAMETER_ CODE', 'CAS_MR', 'ORGAAN_OMSCHRIJIVING', 'ORGAAM_CODE',
'GROEPERING_OMSCHRIIVING', "GROEPERING_CODE', 'GROEPERING_KANAAL®, GROEPERING_TYPE',
'EPSG", "X', "Y', "TAXOMN_NAME', 'REFERENTIEVLAK', 'BEMONSTERIMNGSSOORT_OMSCHRIIVING',
'BEMONSTERINGSAPPARAAT_CODE', 'PLAATSBEPALINGSAPPARAAT_OMSCHRIIVIMNG', '"PLAATSEEPALINGSAPPARAAT_CODE',
'BEMONSTERINGSHOOGTE', "WAARDEBEWERKIMGSMETHODE_OMSCHRIIVING', 'WAARDEBEWERKINGSMETHODE_CODE',
'COMPARTIMENT_CODE®, °"NOTITIE_OMSCHRIJVING', 'NOTITIE_CODE"', 'REFERENTIE®, ‘BEMONSTERIMNGSSOORT_CODE®,
'LIMIETSYMBOOL', 'STATUSWAARDE', 'OPDRACHTGEVENDE_IMSTANTIE', 'MEETAPPARAAT_CODE',
'BEMONSTERINGSAPPARAAT_OMSCHRIJVING®, 'HOEDANIGHEID_CODE®, "WAARDEBEPALIMGSMETHODE_CODE',
"KWALITEITSOORDEEL_CODE', 'MEETAPPARAAT_OMSCHRIJIVING', "COMPARTIMENT_OMSCHRIIVING',
'HOEDANIGHEID_OMSCHRIJVING®, 'WAARDEBEPALINGSMETHODE_OMSCHRIIVING®,
'WAARNEMINGTIID (MET/CET)', 'LOCATIE_CODE', "ALFANUMERIEKEWAARDE', 'EENHEID_CODE',
'MEETPUNT_IDENTIFICATIE', 'GROOTHEID_OMSCHRIJVING'], axis = 1)

#make copies of the data to remove warning message
df_VENLO = df_VENLO.copy()

#replacing the comma separotion with o dot
df_VENLO[ "NUMERIEKEWAARDE '] = df_VEMLO[ 'NUMERIEKEWAARDE'].str.replace(r’,(2=[*,1%%)', '.', regex=True).astype(float)

#converting the dote into the panda dotetime format, to proparly use the dota
df_VENLO[ 'WAARNEMINGDATUM'] = pd.to_datetime(df_VENLO[ 'WAARNEMIMGDATUM'], format = '%d-%m-%Y')

# #rename the columns
df_VENLO = df_VENLO.rename(columns={ 'NUMERIEKEWAARDE': 'NUMERIEKEWAARDE [m3/s]'})

#1f you want to see the first 5 columns of the dato with only Venlo
display(df_WENLO.head(28))

In [38): # nunber of discharge measurements Less thsn 36 mi/s
df_discharge_below 38 - df_VENLO[df_VENLO[ 'MUMERIEKEMAARDE [m3/s]'] < 28]

#group the count per yeor (doto over 27 years)
of_discharge below 0] vear'] - df_discharge below 30[ "WASRNEMINGDATUM® ].dt.year
count_per_year - df_discharge below 3@.groupby('Year').size()

#totol measurements for eoch ywar
total measurenents per year - df VENLD.groupby(df VENLO[ 'WAARNEMINGDATUM J.dt.year).size()

wMpercentuge discharge ¢ 38 m3i/s per year
porcentage_per_year - (count_per_year / total_measurements per year) * 108

results_30 ~ pd.Dataframe({'Total seasurements per year': total_measurements_per_year,
measurenents < 38 m2/<": count_per_year,
‘percentage < 38 mi/s [X]'1 np,round(percentage_per_year,2)})
print( average percentage: ', np.round(results_38[ 'percentage < 3¢ mi/s [X] ].mean(),2))
display(results_3@);

average percentage: 3.22
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Total measurements per year measurements < 30 mlls percentage < 30 m3/s [%]

1338 31842 3972 12.47
1897 52560 1556 293
1338 52560 457 0.29
1599 52453 250 0.4z
2000 52704 21 0.04
2001 52025 ] 018
2002 52025 241 0.45
2003 52025 1611 3.04
2004 53070 05 0.57
2005 52025 1027 1.04
2008 52025 440 0.83
2007 52025 186 0.03
2008 53070 31 0.08
2003 52025 145 0.85
2010 52025 763 1.44
211 52025 242 1.78
2012 53070 G4 012
2013 52025 70 0.13
2014 52025 T 0.13
2013 52025 580 1.1
2016 53438 40 0.64
2017 53200 2851 5.37
2018 53290 a010 15.03
2019 53200 g785 12.75
2020 53438 G487 12.14
2021 52025 1 0.00
2022 52838 7241 13.70
2023 26065 303 1.18
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Appendix G Impact of each channel parameter on the
flow conditions

This appendix provides an analysis of the impact of each channel parameter on the channel’s flow
conditions. The appendix supports Subsection 4.1.5.

Influence of the channel’s bottom width (Byottom)

Interpreting the graphs

Figure 90 shows that increasing the channel’s bottom width leads to a decrease in the channel’s equilibrium
flow depth and flow velocity. This occurs as an increasing bottom width results in a higher wet cross-
sectional area (A) and wet perimeter (P). However, the wet perimeter increases significantly more than the
wet cross-sectional area, resulting in a decrease of the hydraulic radius (R). An increase in the wet cross-
sectional area leads to lower flow velocities, while a decrease in the hydraulic radius leads to lower flow
depths. Increasing the channel’s bed width leads to a decrease in the channel’s critical flow velocity (Ucrit).
Naturally, decreasing the channel’s bottom width has the opposite effect.

The kinks in the graphs occur where the channel’s water level transitions from the thalweg to the first bank
area, and from the first bank area to the second bank area. This happens as the channel’s width used in the
calculations suddenly increases. For an inflow rate of 50 m*/s, the channels has very large water depths and
flow velacities for the narrow bottom widths. This is not shown in the figure, as the y-axis values are limited
to properly display the flow conditions for the other inflow rates. These large values indicate that the
channel’s capacity is exceeded, leading to spilling onto the surrounding floodplains.

Conclusion

To improve the initial flow conditions, the equilibrium flow depth must be increased, while the flow
velocity must be decreased. Decreasing the bottom width increases the flow depth in both the thalweg and
bank areas, which leads to higher flow velocities in both areas. Naturally, increasing the bottom width has
the opposite effect. Therefore, adjusting the bottom width must be done carefully in combination with the
other channel parameters, as it can negatively influence the flow conditions due to its significant impact on
both the water depths and flow velocities.
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Figure 90: Visual influence of the channel's bottom width on the channel's flow conditions.
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Influence of the bank area’s step width (apank)

Interpreting the graphs

Figure 91 shows that, similar to the channel’s bottom width, increasing the bank area’s step width increases
the channel’s wet perimeter (P) more than the wet cross-sectional area (A), resulting in a decrease of the
hydraulic radius (R) and consequently the flow depths and flow velocities. For an inflow rate of 5 m%s, the
channel’s equilibrium flow depth lies within the channel’s thalweg, thus the bank area’s step width has no
influence on it. For Qeco = 10 m*/s and 20 m*s, the graphs show gentle slopes, indicating low rates of change
for both the flow depth and flow velocity. The rate of change for the inflow rate of 50 m%/s is greater.
However, even with larger step widths, this inflow rate does not lead to the required flow velocities.
Increasing the bank area’s step width leads to a decrease in the channel’s critical flow velocity (Ucrit).

Conclusion

The figures above show that the bank step width has no significant impact on either the flow depths or flow
velocities. A larger step width can provide more opportunities for habitat formation in the bank area.
However, it also requires more excavation, which can result in a higher environmental footprint. Therefore,
a minimum step width of 2.5 m is maintained for habitat formation, while a maximum value of 5 m is set
to reduce the overall width of the channel. The minimum value is loosely based on the minimum required
pool length for fish passages (see Table 8) and the maximum value is based on engineering judgement.
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Figure 91: Visual influence of the bank area's step width on the channel's flow conditions.
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Influence of the thalweg’s step height (Vinaiweq)

Interpreting the graphs
Figure 92 shows that increasing the step height of the channel’s thalweg results in a narrower channel. This
leads to a slight increase of the channel’s wet cross-sectional area (A) and a slight decrease of the channel’s
wet perimeter (P), resulting in an increase of the channel’s hydraulic radius (R) and consequently the
channel’s flow depth. The increase in the channel’s wet cross-sectional area also results in a decrease of the
channel’s flow velocity.

The influence on the flow conditions is noticeable when the water level lies below the thalweg’s step height.
This is observed at the transition point between the thalweg and bank area for Qe = 10, 20, and 50 m*/s.
The equilibrium flow depth gradually increases until it equals the thalweg’s step height, which is 0.62 m
for Qeco = 10 m?/s. At this point, a kink appears in the graph, as the width used in the calculations suddenly
increases. Beyond this point, the water level lies above the thalweg’s step height, causing the flow
conditions and cross-sectional dimension to remain almost constant. This most likely occurs due to the
inclusion of the wet cross-sectional area and wet perimeter of the bank area, reducing the thalweg’s
influence. The transition points are indicated with black lines in Figure 92.

Conclusion

The figures above show that the thalweg’s step height has no significant impact on either the flow depths
or flow velocities. In addition, it is assumed that increasing or decreasing the step height does not lead to
any ecological benefits, as there is no evidence about this. Therefore, the initial thalweg’s step height of 0.5
m remains unchanged.
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Figure 92: Visual influence of the thalweg's step height on the channel's flow conditions
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Influence of the bank area’s step height (Vbank)

Interpreting the graphs

Figure 93 shows increasing the step height of the bank area has the same influence as increasing the
thalweg’s step height. The kinks in the graphs represent the transition points between the channel’s first
and second bank area. When the water level lies in the thalweg, as for Qe = 5 m%s, the bank area’s step
height has no influence on the flow conditions. When the channel’s water level lies above the thalweg and
below the step height of the first bank area (before the kinks for Qeco = 20 and 50 m?/s), the flow depth
increases and the flow velocity decreases. Once the water level rises above the step height of the second
bank area, the graphs for the flow conditions and cross-sectional dimensions become gentler, resulting in
low rates of change. The large flow depths for Qeo = 50 m*/s and the small bank area step heights most
likely occur as the shallow channel capacity is exceeded, resulting to spilling onto the floodplains.

Conclusion

The figures above show that the bank area’s step height has no significant impact on either the flow depths
or flow velocities. In addition, it is assumed that increasing or decreasing the step height does not lead to
any ecological benefits, as there is no evidence about this. Therefore, the initial bank area’s step height of
0.5 m remains unchanged.
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Figure 93: Visual influence of the bank area's step height on the channel's flow conditions
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Influence of the channel’s side slopes (Mside siope)

Interpreting the graphs

Figure 94 shows that increasing the channel’s side slopes increases the channel’s wet cross-sectional area
and wet perimeter. However, the wet perimeter increases more than the wet cross-sectional area, resulting
in a decrease of the hydraulic radius and consequently the flow depth. An increase of the wet cross-sectional
area leads to a decrease of the channel’s flow velocity. Nevertheless, the graphs indicate that the side slopes
have an insignificant impact on both the flow conditions.

Conclusion

For guiding bottom dwelling fish over the sills of pool-and-weir fish passage, it is advised to maintain a
maximum slope ratio of 1:1 (angle of 45°). Assuming this guideline is applicable to the channel, this ratio
would be favourable for fish movement. However, a steeper side slope can lead to soil instability in the
channel. Therefore, after observing that reducing the side slope ratio from 1:2 to 1:1 has no significant
impact on the flow conditions, the initial side slope ratio of 1:2 is remains unchanged.
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Figure 94: Visual influence of the channel's side slopes on the channel's flow conditions
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Influence of the channel’s bed slope (i)

Interpreting the graphs

Figure 95 shows that increasing the channel’s bed level difference (Az) increases the channel’s bed slope
(ib). This leads to a decrease of the channel’s wet cross-sectional area (A) and wet perimeter (P), resulting
in a decrease of the hydraulic radius (R) and consequently the flow depth. A decrease of the channel’s wet
cross-sectional area leads to an increase of the channel’s average flow velocity. Increasing the channel’s
bed width leads to a decrease in the channel’s critical flow velocity (Ucri)). The Kinks in the graphs occur
where the channel’s water level transitions from the thalweg to the first bank area, and from the first bank
area to the second bank area. This happens as the channel’s width used in the calculations suddenly
INcreases.

Conclusion

To improve the initial flow conditions, the equilibrium flow depth must be increased, while the flow
velocity must be decreased. Decreasing the channel’s bed slope leads to this improvement. The channel’s
bed slope (ip) can be decreased by either increasing the channel’s length (Lchamnel) and/or decreasing the
channel’s bed level difference (4z).

Given that 3.5 km is already considered the maximum channel length that allows for an adequate outlet
findability, the bed slope must be reduced by decreasing 4z. This can be achieved by adjusting the channel’s
inlet and/or outlet bed elevations. Since the outlet is positioned 0.55 m below the lowest downstream water
level, increasing the outlet bed level is not favourable. Therefore, it remains unchanged to ensure adequate
fish passability. Decreasing the channel’s inlet bed level lowers the bed level difference. However, this
leads to a deeper excavation and more ground work, which can result in higher excavation costs, longer
construction times, and a larger environmental footprint. Since there are no limits for the excavation depth
of the channel, this remains a viable option.
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Figure 95: Visual influence of the channel's bed slope on the channel's flow conditions
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Influence of the channel’s friction coefficient (Cs)

Interpreting the graphs

The channel’s friction coefficient is varied by varying the equivalent roughness height of the bed (ks). In
other words, varying the nominal diameter (dnso) of the channel’s bed material by applying different
sediment sizes or materials. Figure 96 shows that increasing the channel’s nominal diameter (dnso) leads to
an increase of the channel’s wet cross-sectional area, wet perimeter, hydraulic radius, and consequently,
the flow depth. An increase of the wet cross-sectional area results in a decrease of the flow velocity.
Increasing the channel roughness coefficient width leads to an increase in the channel’s critical flow
velocity (Ucrit). The kinks in the graphs occur where the channel’s water level transitions from the thalweg
to the first bank area, and from the first bank area to the second bank area. This happens as the channel’s
width used in the calculations suddenly increases.

Conclusion

To improve the initial flow conditions, the equilibrium flow depth must be increased, while the flow
velocity must be decreased. Increasing the channel’s nominal diameter and consequently the bed friction
leads to this improvement. In addition, increasing the bed friction results in an increase of the channel’s
critical flow velocity, which is beneficial for preventing excessive erosion. The channel’s friction
coefficient is increased by raising the equivalent roughness height of the bed (ks). This is achieved by
applying sediments with a larger size or by implementing vegetation, boulders, or dead timber in the
channel.

The friction coefficient cannot be increased randomly, as it may result in a channel bed that is unrealistic
or unsuitable for lotic habitat formation. It is also assumed that increasing the friction coefficient at specific
locations in the channel does not provide an indication of its average value. Thus, the friction coefficient
must be determined based on the required bed composition for creating lotic habitats, while still
corresponding to a realistic and suitable physical channel bed.

Increasing the channel’s inflow rate (Qeco)

Naturally, increasing the channel’s inflow rate results in an increase of the flow depths and flow velocities,
as shown in all the figures above. Therefore, if the flow conditions are met for lower discharge limits, it is
unlikely that they will be met for the upper discharge limits, especially if there is a significant discharge
difference between the lower and upper limits. Given there are no requirements for the discharge range,
only target values, changing the channel’s inflow rate is a viable option. Hence, limiting the inflow rate
range is favourable for the channel’s design.
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Figure 96: Visual influence of the channel's bed friction on the channel's flow conditions
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Appendix H

Discharge distribution of the river’s flow

This appendix provides an overview of the river’s discharge distribution subsystems of the weir complex.
This appendix supports Subsection 4.1.5. The highlighted rows are the river discharges for which the water
levels in the river are measured.

Table 38: The distribution of the river's discharge to the subsystems of the weir complex

% of the

River's Discharge Discharge Available Inflow.rate ri_ver's Discharge
. for lock for the fish | river ecological | discharge over weirs of

dlsf harge management | passage discharge channel through the river
(ST | fméss] [mé/s] [més] [me/s] ecological | [m¥/s]

channel
25 15 5 5 5 20.0% | 0.0
30 20 5 5 5 16.7% | 0.0
35 20 5 10 5.4 15.4% | 4.6
40 20 5 15 5.8 14.5% | 9.2
45 20 5 20 6.2 13.7% | 13.8
50 20 5 25 6.6 13.2% | 18.4
55 20 5 30 7.0 12.7% | 23.0
60 20 5 35 7.4 12.3% | 27.6
65 20 5 40 7.8 11.9% | 32.2
70 20 5 45 8.2 11.7% | 36.8
75 20 5 50 8.6 11.4% | 41.4
80 20 5 55 8.9 11.2% | 46.1
85 20 5 60 9.3 11.0% | 50.7
90 20 5 65 9.7 10.8% | 55.3
95 20 5 70 10.1 10.7% | 59.9
100 20 5 75 10.5 10.5% | 64.5
105 20 5 80 10.9 10.4% | 69.1
110 20 5 85 11.3 10.3% | 73.7
115 20 5 90 11.7 10.2% | 78.3
120 20 5 95 12.1 10.1% | 82.9
125 20 5 100 12,5 10.0% | 87.5
130 20 5 105 12.8 9.8% | 92.2
140 20 5 115 13.0 9.3% | 102.0
150 20 5 125 13.3 8.9% | 111.7
160 20 5 135 13.6 8.5% | 121.4
170 20 5 145 13.8 8.1% | 131.2
180 20 5 155 14.1 7.8% | 140.9
190 20 5 165 14.4 7.6% | 150.6
200 20 5 175 14.6 7.3% | 160.4
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210 20 5 185 14.9 7.1% | 170.1
220 20 5 195 15.2 6.9% | 179.8
230 20 5 205 15.4 6.7% | 189.6
240 20 5 215 15.7 6.5% | 199.3
250 20 5 225 16.0 6.4% | 209.0
260 20 5 235 16.2 6.2% | 218.8
270 20 5 245 16.5 6.1% | 228.5
280 20 5 255 16.8 6.0% | 238.2
290 20 5 265 171 5.9% | 247.9
300 20 5 275 17.3 5.8% | 257.7
310 20 5 285 17.6 5.7% | 267.4
320 20 5 295 17.9 5.6% | 277.1
330 20 5 305 18.1 5.5% | 286.9
340 20 5 315 18.4 5.4% | 296.6
350 20 5 325 18.7 5.3% | 306.3
360 20 5 335 18.9 5.3% | 316.1
370 20 5 345 19.2 5.2% | 325.8
380 20 5 355 19.5 5.1% | 335.5
390 20 5 365 19.7 5.1% | 345.3
400 20 5 375 20.0 5.0% | 355.0
410 20 5 385 20 4.9% | 365.0
420 20 5 395 20 4.8% | 375.0
430 20 5 405 20 4.7% | 385.0
440 20 5 415 20 4.5% | 395.0
450 20 5 425 20 4.4% | 405.0
460 20 5 435 20 4.3% | 415.0
470 20 5 445 20 4.3% | 425.0
480 20 5 455 20 4.2% | 435.0
490 20 5 465 20 4.1% | 445.0
500 20 5 475 20 4.0% | 455.0
600 20 5 575 20 3.3% | 555.0
700 20 5 675 20 2.9% | 655.0
800 20 5 775 20 2.5% | 755.0
900 20 5 875 20 2.2% | 855.0
1000 20 5 975 20 2.0% | 955.0
1250 20 5 1225 20 1.6% | 1205.0
1627 20 5 1602 20 1.2% | 1582.0
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Appendix | Determining the channel’s flow conditions for

quasi-uniform flow

This appendix provides the Python code used to iteratively determine the channel’s quasi-uniform flow
conditions. Comments are provided throughout the Python code to help follow the process. The channel’s
flow conditions just downstream of the inlet are shown in Table 39, the backwater curves are shown in
Figure 97, and the flow conditions in channel’s thalweg and bank areas is shown in Figure 98 and Figure
99. This appendix supports Subsection 4.1.7.

I.1.

Is (1)

tn [2]

Calculating the backwater curves

Importing the required libraries

lsport nuwpy as np

import matplotlib.pyplot as plt
inport matplotlib

Snatplotlib inline

isport pandas as pd

from pandas impoct read csv
from scipy.stats import morm
leport satplotlib.cm as em
lspoct cmath

isport math

g = 9.m
rho « 1009 #hp/w3

Ecological channel's parameters

RIVER'S SOUNDARY COMDITIONS
Qriver » [S8, 125, 250, S04, 1089, 1256, 1627] emi/s

h_SAMBY = [10.85, 10.87, 10,86, 10.82, 10,85, 31.57, 12.44] MNAPem
h_SANBN = [7.70, 7.82, B.00, §.62, 10.27, 11.08, 11.16] #NaPm

z_river_inlet = 3.5 #NAPm £

2_rdver_outiet « 2.4 MNP W esnsnsdssioscasssntasiassconsasbsbioscasssnisssassssnsasssstoscanse

FETRTN NN TN RNORSNSORACASTANSSIS OSSN CHANNEL 'S BED LEVELS e rHeE
s_inlet_start « z_river_inlet

z_inlet_end = .95 #naRs L b et el s

2 _outlet _start = 7. 21 BNAPHE e rcme et eeeseeeeeseseesseeaessssessseeaene

T_outiet_end =~ z_river_cutlet
or = z_inlet_end - I_outlet_start Mchomnel's bed Level difference

print(f"the charmel’s total bed level difference {mp.rcund(dz,2)} »*)

oaEy ey . CHMANNEL“S [ENGTHNS  Nawaw
echannels Llength t2 betiween the inlet ond ocutlet romp
L = [3508]
ib_1ist » []

for j im range(len(i)):
ib « az/L[3)
ib_list.appena({’'L [m])': L[J], ‘&z [m]': d2, 'id': ib})

of _slope = pd.DetaFrame{ib_list)
gisplay(df_slope.head(20))

-------
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WATER LEVELS DOWNSTREAM OF THE OHANNEL
#¥ the calcutation done for foch water Level
h_8C « h_SA¥EN[@] # boundary condition € ; Qriver ¢ 5@ mi/s
h_8C = h SAMBN[L] # boundory condition 1 ; Qriver = 125 mi/s
h_BC = h_SAMBN[2] # bounaary conditionm 2 ; Qriver = 250 mi/s
h_8C « N_SWBN[3] # boundory condition 3 ; Qriver « 580 mi/s
h_BC = h_SAMBN[4] # boundory condition 4 | Qriver = 1006 ni/s
h_BC = h_SAMBN[S] # boundary condition 5 ; Qriver = 1256 mi/s
h 8C = h_SAMBN[G] # boundory condition § ; Qriver = 1627 mi/z
#(it iz assummed there is not outflow energy Locs)
Y.BC » A_BC - z_outlet_start Jpasiaca Adownstrean boundary condition s the woter depth at the chonnel 's outlet location

print{f 'weter level at the channels outlet location
print(f'voter depth at the channels outlet locstion

h_BC = {h _BC) n')
y_BC = {np.round(y_BC,2)} n')

CHANNEL “S INFLOW RATE
one_weir « []
Qaim « [6.8] # boundary congition @ , Qriver ¢ 58 mi/s
Qadm = [12.5) # boundary condition 1 ; Qriver = 125 ni/s
Qaim » [15] # boundary congition 2 ; Qriver = 250 ni/s
Qoim = [29] # boundary condition ¥ ; Qriver = 568 ni/s
Qoim « [20) # boundary condition & ; Qriver = 1000 m3/2
Qaim = [20] # poundary conditioe 5 ; Qriver = 1250 mi/fs
Qeim = [20) # boundary condition 6 ; Qriver = 1627 mi/s
for 1 in range(len(Q aim)): sudding the (nflow rotes to o dotafrome

Quedr_inflow » Q aim[i]
one_welr append({'Qwelr [#3/5]" | Queir_inflow})

df_weir = pd.DataFrame(coe_weir)
display(df_weir head(2¢))
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Calculating the channel's flow conditions for quasi-uniform flow

In [7]: # this is not an iteration, os the downstream water depth is @ known value
#the flow conditions are determind per interval; the smoller the intervals, the more accurate the results
def BackwardDiffersnce(intervals, Q_inflow, y_BC, L_channsl, breedte_hoogts_slope, So, z_outlet_start, z_inlet_end, de_final,

dn5@):
ql = @ #no Loteral flow
g =9.81
L8 = 8
delta = 1,65 # used 1n shiels equation<----------==------c----o-omu-
shields = 8.93 # used in shiels eqQUATIONC--=-===-=ecmmcocmoemeooo

#Inflow rate iteration List, starting from inflow rate
Qlist = [Q_inflow] #constant beccuse no Loteral inflow or outflow

# woter depth iteragtion list, starting at the downstreom boundary
ylist = [y _BC]

#s positions at each interval
slist = [L8]

#bed level List ot each intervol
zlist = [z_outlet_start]

#flow velocity at each interval
ulist = []

#woter Level List at each interval
hslist = []

Fr_2_list = []
Sf_list = []
ef_list = []
delist
helist

[de_final] * intervals

{1

#critical flow velocity at each interval; determined with the hydraulic radius and friction coefficient at each interval
#u_crit Largest for largest ¢f -> at smallest water depth
u_critical_list = []

#cross-sectional dimensions

Atot_list = [] #wet-crosstional oreg at each interval
Ptot_list = [] #wet perimeter at each interval
Rtot_list = [] #hydraulic radius ot each interval
top_width_list = []

#width, height, side_slope for the thalweg ond bank areas
breedte_hoogte_hoek = breedte_nhoogte_slope

for i in range(intervals):

x =80
Atot = 8
Ptot = @

top_width = @

#loop for determining A, P, R, topwidth
for index, (b,d,m) in enumerate(breedte_hoogte_hoek):
if ylist[i] > d+x:
X = d¥x
Atot = Atot + (b * d) + (m * (d**2))
Ptot = Ptot + (b + (2*d*np.sqrt(1+(m**2)))) - top_width

top_width = b + (2 * m * d)
else:
Atot = Atot + (b * (ylist[i]-x)) + (m * ((ylist[i]-x}**2))
Ptot = Ptot + b + (2%(ylist[i]-x} * np.sqrt(1+(m**2))) - top_width

top_width = b + (2 * m *(ylist[i] - x))
break
#From this point the calculctions are performed for the totel cross-sectional area, wet perimeter ond hydraulic radius
Atet_list.append{Atot)
Ptot_list.append(Ptot)
top_width_list,append(top_width)
Rtot = Atot / Ptot

Rtot_list.append(Rtot)
# print(Rtot)
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rwteen yliex, Qi4sT, witst, azst_list, Prot. lles, Meas_liet, 3atse, elies, SF_3iss, Fo_3_list, malier, sedist,
Wby, of_dhar, s sriniesd_Lim

PORRNGORNNAN subst the Initinl values Svsonssess
intervals = 1000 #¢---ooominiiiiaiiiaa

ds_results_y3 » []
ds_plot » {]
ds_results_outlet = (]

for k £n congellen(df_welr] 'Quair (m3/5]° 1))
for § 4n renge(len(df _slopel'L [w]'1)):

santal = len(df_slope['t [m=]'])

index _de = (k*asntal) « §

ds, Qs, us, As, Ps, Rs, 2.5, 5_5, 5F_ s, Fr_s, h s, de_s, he_s, cf_s, ucrit_s = BackuardDifforence{intervals = intes
Qinflow = df weir['Qweir [m3/s]'](k], y_BC = y_8C , L_channel = ~df_slope[ L [=]'][]],
breedte_hoogte_slope = breedte hoogte_slope,
50 = df _slopel "ib' 1{1], 2 cutlet_start = 2 _outlet_start, 2_inlet_end = 1_inlet_end,
de_final = df_de|'de_final’ [[index_de], dn50 = 4n50)

Fedynse #resulte af fust after the chonrel's inlet
ds_results_yd.append{{'h BC": h BC, 'y 8C[m]': y BC, 'Qinflow [e3/s]': Qs[-1], "A_inlet [m2]'; np.round(A_si-1],2),
'P_inlet [m]’: np.round(P_s[-1],2), "#_inlet [w]': np.round(R_s(-1),2),
'L [m]'t 'df_ilwel'l» (»)°}[§), “ib': of slop=["ib'][]],
‘u_inlet [n/s]": np.round(u_s{-1],2), " < werit [a/s]': np.reund{ucrit_s{-1],2),
‘y_inlet [=]': np.round(d_s[- l] 2), 'M_inlet [(n)': op.round(h_s{-1],2),
‘ef "1 np.round(cf_s(-1],2), 'de [m]': np.round{de_s[-1],2), “he [m]': np.round(he_s{-1],4)})

rresy #results for eoch interval
ds_plot.append({‘Qweir': df _weir[ Qweir [n3/s]'][k), ‘L [m]': -df_slope[‘L {m]'i{3], “» [m])":
‘d(s) Im]': d s, 'wis) [(m/s]'s u_s, "¢ ucrlitis)": verit s, 'A(s) [m2]'1 As, 'D(n (n)': P_s, 'R(s) [w])'
Fr(s)': Pros, 'Sf(s)': SF s, ‘cf(s)': cf s, “2(s) [m]': 2_8, "h(s) [m]': h_s,
‘de(s)': de_s, "heis)’: he_s})

22382 #results ot the chammel s cutlet
ds_results outlet append({'h 0C': h BC, "y BC(w|': y_BC, 'Qinflow [mi/s]': Qs[-1]), "A cutlet [m2]': np.round(A_s[®],2),
‘P oatlet [w]': op.round(P_s[0],2), "M _outlet [m]': op.round(R_s[0},2),
'Uwl't -af_shopel'L [w]'T[3], “ib': dF_slopelib'1[4],
‘U_outlet [w/s]': nporound(u_s[0],2), < werlt [a/s]': np,round(ucrit_s[8],2),
'y outlet (n]': np.round(d_s[®],2), ‘h_outiet [w]': np.md(h_s[l)],)).
‘ef': np.rovnd(cf_s(0],2), "de [w]": np.round(de_s[£),2), “he [m]": np.round(he_si0},2}))

#rthe (terution List for sfm), d(x) [m], 2(s) have on extra interval ((«1). They huve @ Larger Length thon the other porimeters
#ethe pther parameters Lteration [{sts Nove g Length (), Keep (n wind for the grophs

dF_ds = pd.Dataframe(ds_resulte_y3)

display(df_ds.head(38)) #¢------- this darafrome shows the flow condition just after the inlet

@f_ds_plot » pd.DstaFrame({ds_plot)
display(d¥_ds_plot.head(20)) Wr--eceue this dotaframe shous the Lists with oll the iterstion volues
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Table 39: The flow conditions just downstream of the channel's inlet and at the channel’s outlet
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o w2 300 200 2045 W 10 3500 0000497 05 T 163 1058 00 123 ww
0 nes anr x0 @52 1.8 143 3500 Q000437 o m 22 M1 00t 143 wWar
0 1218 455 00 106 18 EER ) 239 3500 0000407 oW 124 N 1230 oot 143 1037
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0 war 308 X0 LT 45 68 216 3500 Q000487 020 wan s0e 02T 0N 143 B4
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In [o]:

Plot the backwater curves

£ig, ax = plt.subplots(neolsrlen(of_welr 'Qualr [nd/5]"]), nrowss len(df_slope[”L [=]"]),sharey=Trim, figsizes«(15,10))
fig.tignt_layout()

ncol = @
if len(df_slope[“L [m]"]) == 1
for Q in af_weir[ Queir [m3/3]"]):
nrow ~ &
ax.set_title(fr"Q = (round(Q,2)) Sw"3/s8", fontsize « 15)
for £ in renge(len(cf_ds_plot)):
Af df_cs_plot[ 'Queir ][i] == @
#: and & have Lenpth [{41]; hr bas length [{]). Remove last volue of & ond 2.
#It has no influence on final volues
3 = df_ds_plot['x(s) [m] 1[41[:-1]
3 = df_ds_plot['s [e]'][£}[:-1]
e = af ds_plot[ nis) [m]"][i]

he_s = &f _ds_plot{ he{s)"]}[4]

@, b, ¢, O« 168, 508 , 188 , 189
ax.set_xlabel('s [m]", fontsize = 13)
ax.sat_ylabel{'alsvaticn [=]', fantsize « 15)

ax.plot(s, 2, coler « “sadelebrown”, latel « "1")
ax,plot(s, hs, 'Blue’)

ax.plot(s, he_s, ‘red')

ox.fill_between{s, z, hs, color = "lightskyblue"”, alphs = 0.5)
ax,FL11_tetwaen(s, 2, color = "sacdlabrown”, label « “z°, slpha « 0.3)

end = s{-1]

ax.plot{[0, s, _b +_a],[2[0),2.4, 2,4], color » "brown")

ax.¥ill _between({®, s, _b+_a],[z[®],2.4, 2.4),color = “saddledrown”, alpha = 0.5)

ax.piot{(0,_a, _be_a),Ihs[0], hale], hs[8]] ,color = "bBlus")

ax.fill_between([8,_a, _b+_a],[hsie).hs[], hs{e]],[z[@),2.4, 2.3] ,color = "lightskyblue", alpha « &.5)

ax.plot{{end,end-_c, end-_d-_c],[2[-2],3.5, 3.5], color = “brown")

ax.Fill_between([end,end-_¢, end-_d-_c],(2[-1],5.5, 5.5] ,color » "saddlebrown”, alpha = #.5)

ax.plot{{end,end- _c, end-_d-_c],[hs{-1],hs{-1],hs[-1]] ,color = *blue”)

ax.Fill_between(lend,end- <, end-_¢-_c],[ms[-3),0a(-1],haf-1]),[2[-21),2.5, 3.5] ,color » “ligntakyblue”,
pha « 8.5)

nrow += 3
ncol o= 1

pit.show()
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Flow conditions satisfied
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Figure 97: The backwater curves for the various inflow rates
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1.2. Calculating the flow conditions in the thalweg and bank areas
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Determining the flow depth and flow velocity in the thalweg and bank

# To simply the coleulation it (s assumed that the friction slope = bed slope. This results in flow velocities
# That ore higher thot the ones for quasi-uniform flow velocities, as the Nl-backwater curve results in larger water depths

#mand thus lower Flow velocit

b_hoogte_slope = []
for i in range(len(a_list)):
if i ==2a:

ies

b_hoogte_slope.append({a_list{i] * 2, d_list{i]), m_list(i]))

else:

b_hoogte_slope.append({a_list{i], d_list(i], m_list{il]))

print(b_hoogte_slope)
print(‘d’, sun((d for b,d,m

in b_heogte_slope]))

def InfoPerStep(ylist, b_hoogte_slope, dn5@, So):

g~ 98
delta = 1.65 # used in s
shields = @.83 ## used 1

hiels egquation<
n shields equation¢--

b_hoogte_hoek » b_hoogte_slope #chosen parameters cross-section

ds_step » []

ylist » ylist[:-1] ¥ does not include the Lost volue to have the some length oz the other parometers,

#It hos no influence on

for { in range(len(ylist
winfo per step
which_step = []
A_step_list = []
P_step_list » []

d_step_list = []
u_step_list = []
u_critical_list » []

cf_step_list = []
Q.step_list = []
SF_step_list = [)

x =8

te final fFlow conditions

Pk

for index, (a,d,m) in enumerate(b_hcogte_hoek):
if ylist[i] > dex:

# cross-sect
A_szection =
P_section =

R_section =

ion porameters for half the step
(a*d)+ ((2/2) * m* {6**2)) + {(a + (m * d)) * (ylist[i] - (& + x)))
(3 + (2*d"np.sqre(1i+(m**2)}))

A_section / P_section

HRRSENNY WHITE COLESROON EQUATION SERgasnsnss
wflow parometers per saction
ks = 3.5 * dn50

cf_section = (1/(5.75%np.1logl@((12*R_section)/ks})) ** 2 ## deterwine cf for each hydraulic rodius of each step

WERRBERNNRERSHIELDS EQALUATION WWRRNSSBRNNYIN

#criticol flow velocity where sediment transport occurs (most criticol ot Lowest water depth)

C_section =

np.sqre(g/cf_section)

u_critical _section » C_section * np.aqrt(shielcs * delta * dnSQ)

# For now S = So

§f_section «

Q_section =
u_section »

So

(np.sgre(g/cf_section)) * (A don) * ((A_ ion/P_: ion) ** (1/2)) * (Sf_section ** (1/2))

Q section / A_section

which_step.sppend({index+1)

A_step_list.
P_step_list.

append(A_section)
append(P_section)

cf_step_list.append(c®_section)
Sf_step_list.append(S¥_section)
u_critical_list.append(u_critical_secticn)

Q_step_list,
u_step list.

X = dex
d_step_list.

else:

append(Q_section)
append(u_section)

append(d) #warer depth in each section

# cross-section parometers for half the step

A_section =
P_section =

R_section =

d_step_list,

(a * (ylist[i] - x)) + ((2/2) * m * ((ylist[i] - x)**2))
(@ + ((ylist[i] - x)*rp.sqrt(i+(m**2))))

A_section / P_section

append(ylist[i)-x) mwoter depth in eoch section

FREsEREs WHITE COLESROOK EQUATION s=ssfgn#sss
#flow parameters per section
ks = 3.5 * dnS@

cf_section =

(1/(5.75%np.1og1e({ (12"R_section)/ks))) ** 2 ## Jdetermine cf for eoch hydroulic rodius of each step
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In [11)

FREFREFAZRESHIELDS EQAUATION wipsinsnnniss

#critical flow velecity where sediment transport occurs (most criticol at lowest water depth)

€_section = np.sqrt(g/cf_section)
u_critical_section = C_section * np.sqrt{shields * delta * dn5@)

# for now Sf = So
Sf_section » So

Q_section = {np.sqrt(g/cf_section)} * (A4_section) * ({A_section/P_section) ** (1/2)) * (Sf_section **+ (1/2})

u_section = Q_section / A_section

which_step.append{index+1)
A_step_list_append(s_sectien)
P_step_list_sppend(P_sectien)

ef_step_list.append({cf_section)
Sf_step_list.append(Sf_sectien)
u_critical_list.append{u_critical_section}

Q_step_list.append(Q_secticn)
u_step_list.append(u_secticn)

break

Q_step_total = Q_sten_list[8] + (2 * sum(Q_step_list[1:]))
u_step_total = sum(u_step_list) / len(u_step_list)

ds_step.append({‘Q': df_ds_plot[ 'Queir'][3], 'L': df_ds_plot['L [m]']1[3], 'd(s)': ylist[i],

‘de(s)': df_ds_plot[‘de(s)']1[3][-1],

‘step': which_step, 'd_step': ¢_step_list, 'A_step': A_step_list,
‘P_stap’: P_step_list, 'cf_ste’: cf_step_list, 'Sf_step':Sf_step_list,

‘Qustep’: Q. step_list, 'Q_check': Q_step_total,
‘u_step': u_step_list, 'u_check’: u_step_total,
‘u_crit’: u_critical_list})

return ds_step

total_step_data = []

for 2 in range(len(df_ds_plot['dis) [m]'])}):

ds_step = InfoPerStep(ylist = df_ds_plet['dis) [m]'][3], b_hocgte_slope = b_hocogte_slope, dn58® = dnse,

= df _slope['ib'][e])

#print each datajrame separotely, eah step has the iterction volue, so it i{s a dotafram with o 1088 values

#each datofram corresponds to a channel Length aond inflow rote combination
df_ds_step = pd.DataFrase(ds_step)

##show the x yolues of eoch dotafrom
" display(df_ds_step.head(1668))

##combine all the dataframs, to beter select specific valves for making graphs
total_steo_dats.append({ dataframe_n': d¥_ds_step})

dfs = [data['cataframe_n'] for data in total_step_data] #the combined dataframe

df_combined_step_data = pd.concat{dfs, ignore_index=True) # Concatenate the list of dataframes into one

# disploy(df_combined_step_dota.head(5))

# the combined datoframe is o combination of 4 datoframes, each with 1688 values. Hence, the datafram has 4866 rows

print{‘'number of rows combined dataframe', len(df_combined_step_data['Q']))
print{'numoer of rows combined dataframe', len(df_combined_step_data['L']})

# print(’'number of rows combined dataframe’, Len{df_combined_step_dataf'd(s)']})
# print{af_combined_step_dato[df combined_step_dota['L’] == -4888])

#the Final values of the List are similar to that of the uniform flow

#the First values differ, oz the water Level differs more from the uniform flow situation

Cross-sectional plots at three channel locations, including the flow

conditions

# drow the empty cross-sectional shope

dzf draw_trap(N, L_interval, Q interval, s_pos, step_height_a_m, b_bottom, level_floodplain, a_over, m_over, plt):

plot the water depth in the cross-section

_h=e
A0

or i in range(len(df_ds_plot['Queir'])):
for § in range(len(df_ds_plot['n(s) (=] ]{i])):

1if df_ds_plot{'Queir’'][i] == Q interval and df_ds_plot{'L [m]'][i] == L_interval

and of_ds_plot['s [m]']J[i]1(i] == s_pos:

# plr.oxhliine(df ds_plot]'d(s) [m]*][1][]], color = '9"!!!\', Lobel =

plt.axhline(df_ds_plot['h(z) [m]'][i][3], color = ‘gresn

label = #"h = (round(df _ds_plot{'h(s) [m]" ][UH].‘))“")

Jh o= df _ds_plot['h(s) [m]"]{i1(3]
_d = 9F_ds_plot]'d(s) [m1'][41[]]
“wuyne
plt.axhline(df_ds_plot[ 'ne(s) ]J[1][j], color = "red’, label =
_he » df_ds_plot{'he(s)'I[41(3]

bottom_level » df_ds_plot['z(sz) [m]")[4][3]

x_cor = [0]
y_cor = [bottom_level]

step_a = step_height_a_m[8][1]
b_thalweg = b_bottom - (2¥step_a)
wu_list = [b_thalweg]

b_list = []
d_list = [}

1list » []
m_list = []

f'y = {df _ds_plot['d(s) [m=]']{1][5]}m")

= {round(df_ds_plot[ he(s) ]1[i]{3],2)}m")
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Flow conditions satisfied
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Figure 98: The flow conditions in the channel's thalweg and bank areas that satisfy the required flow conditions
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Figure 99: The flow conditions in the channel's thalweg and bank areas that do not satisfy the required flow conditions
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1.3. Overview of the flow conditions in the channel’s thalweg and
bank areas

Table 40: Flow conditions in the channel's thalweg and bank areas at the outlet, middle, and inlet for quasi-uniform flow (bold
highlighted values do not meet the flow requirements)

River’s
discharge

Qriver

[m/s]

25
50
125
250
500
1000
1250

River’s
discharge

Qriver

[m/s]

25
50
125
250
500
1000
1250

River’s
discharge

Qriver
[m?/s]

25
50
125
250
500
1000
1250

Inflow
rate

Qeco

[m?/s]

5
6.6
125
16
20
20
20

Inflow
rate

Qeco

[m/s]

5
6.6
125
16
20
20
20

Inflow
rate

Qeco

[m3/s]

5
6.6
125
16
20
20
20

Flow depth = Flow velocity u [m/s]

ds [m]
0.8m <ds
<2m

0.55
0.55
0.61
0.79
1.41
3.06
3.87

Flow depth
ds [m]
0.8m <ds
<2m

0.76
0.86
1.19
1.30
1.43
2.24
3.02

Flow depth
ds [m]
0.8m <ds
<2m

0.76
0.86
1.19
131
1.43
1.63
2.20

Thalweg
<1.0ml/s
and Ucrit

0.37
0.37
0.41
0.50
0.79
1.40
1.65

Bank area
1<0.5m/s
and Ucrit

0.03
0.03
0.09
0.22
0.49
1.11
1.35

Channel’s outlet

Bank area 2
<0.5m/s
and Ucrit

0.29
0.94
121

Middle of the channel
Flow velocity u [m/s]

Thalweg
<1.0m/s
and Ucrit
0.49
0.54
0.69
0.74
0.80
1.12
1.38

Thalweg
<1.0m/s
and Ucrit

0.49
0.54
0.70
0.75
0.80
0.88
1.10

Bank area
1<0.5m/s
and Ucrit
0.21

0.26

0.39

0.44

0.50

0.83

1.09

Bank area 2
<0.5m/s
and Ucrit

0.15
0.23
0.30
0.64
0.93

Channel’s inlet
Flow velocity u [m/s]

Bank area
1<0.5m/s
and Ucrit

0.21
0.26
0.39
0.45
0.50
0.59
0.82

Bank area
2<0.5m/s
and Ucrit

0.16
0.23
0.30
0.36
0.62

Bank
area
extra

Bank
area
extra

0.1
0.40

Critical flow velocity Ucrit

[m/s]

Thalweg Bank  Bank
areal area?2

1.49 0.38 -

1.49 0.38 -

1.54 0.75 -

1.67 1.20 -

1.95 1.66 1.35

2.33 2.18 2.07

2.45 2.31 2.24

Critical flow velocity Ucrit

[m/s]

Thalweg Bank  Bank
areal area?

1.65 1.16 -

1.71 1.29 -

1.87 151 1.01

1.92 1.59 1.22

1.96 1.67 1.37

2.18 1.99 1.82

2.33 2.17 2.06

Critical flow velocity Ugrit

[m/s]

Thalweg Bank  Bank
areal area?

1.65 1.16 -

1.71 1.29 -

1.87 1.52 1.01

1.92 1.60 1.22

1.96 1.67 1.37

2.03 1.77 1.47

2.17 1.98 1.80
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Appendix JDetermining the flow conditions for the design
alternatives of the intake structure

This appendix provides the Python code used to calculate the required flow openings to achieve the
necessary inflow rates for the flap gate and the flow conditions of the vertical-slot fish passage for the first
design alternative. It also provides the inputs and outputs of the HEC-RAS hydraulic program used to
estimate the flow conditions for the intake structure that consists of consecutive pools and weirs, the second
design alternative This appendix supports Subsection 4.2.4.

J.1. Determining the flow conditions for the first design
alternative
Determining the flow opening and flow conditions for the flap gate

The flap gate accommodates both free-overflow and submerged overflow. The calculations for the flow
opening and the flow conditions for both flow types is shown below.
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In [41:

Flap gate flow conditions at complex Sambeek

#7% Sambeek data

upstream_water_level = [10.85, 10.85, 12,87, 18.86, 10.82, 18.85, 11.57, 12.43] # water levels just upstream of fish passege
downstream_water_level = [9.71, 9.81, 18.14, 18.26, 18.37, 18.58, 11.15, 12.18] #woter levels just downstream of fish possage
inlet_bed elevation = 8.95

Bgate = 10

pgate = [1.3, 1.18, ©.695, ©.61, 0.41, 0.33, 1.155, 1.9@5]

# hydraulic dato

Qriver = [25, 58, 125, 250, 520, 1008, 1250, 1627] #river's flow rote
Qgate_flow = []

Qeco = []

Cd_overflow = [1.1] #initiol value for submerged flow
Cd_freeflow = [1.8] #initial volue for free-flow
Cd_list = []

# determining the water depths upstream and downstream of the flop gate and the water Level difference
for j in range(len({upstream_water_level)):

dl = upstream_water_level[j] - inlet_bed_elevation #upstream water depth relative to bottom

d3 = downstream_water_level{j] - inlet_bed_elevation # downstream water depth relative to bottom
hl = d1 - pgate[]] 2upstreom water depth relative gate crest

h3 = d3 - pgate[j] # downstream water depth relotive gate crest

dh = dl - d3

for i in range(1e):
## Submerged- overflow calculation
if d3 > pgate[}): 2if the downstream water depth Lies above the gote crest
Qinflow = Cd_overflow[i] * Bgate * h3 * np.sgrt(2 * g * (h1 - h3))
Q_eco.append(Qinflow)

h2
u2

h3 #estimoted woter depth above gate
Qinflow/(Bgate * h2) #estimoted water depth above gate

Cd = 9.611 + 9.08 * (h2/pgate[i])
Cd_overflow.append(Cd)
Cd_list.append(Cd)

dif = Cd_overflow[i+1l] - Cd_overflow[i]
if abs(dif) < 18**-19:
print('converged for submerged flow')
break

###free-overflow calculation
else:

Qinflow = Cd_freeflow[i] * Bgate * (2/3) * np.sart((2/3)*g) * ((h1)**(3/2))
Q_eco.append(Qinflow)

h2 = (2/3) * hl #water depth above gate
u2 = Qinflow/(Bgate * h2) #flow velocity above gate

Cd = 9.611 + 0.88 * (h2/pgate[i])
Cd_freeflow.append(Cd)
Cd_list.append(Cd)

dif = Cd_freeflow[i+1] - Cd_freeflow[i]

if abs(dif) < 18+*-10:
print('converged for free-flow')
break

Qgate_flow.append({'Qriver [m3/s]': Qriver[j], 'nl {m]': h1l, *h3 [m]': h3,
‘gh [m]': dh, 'Cd": np.round(Cd list{-1],2),
‘Bgate [m]': Bgate, 'p_gate [m]': np.round(pgate(3],2), ‘o1 [m]': d1,'d3 [m]': d3,
'Qinflow [m3/s]': np.round(Q eco[-1],1),
'h2 [m]': np.round(h2,2), "u2 [m/s]': np.round(u2,2)})

df_gate_flow = pd.DataFrame(Qgate_flow)
display(df_gate_flow.head(32))
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converged for free-flow
converged for free-flow
converged for submerged flow
converged for submerged flow
converged for submerged flow
converged for submerged f1low
converged for submerged flow
converged for submerged flow
Qriver [m3s] h1[m] h3[m] dh[m] Cd EBEgate[m] p_gate[m] di[m] d2[m] Ginflow [m3is] h2 [m] w2 [mis]
0 25 0,500 -D.540 1.14 0.64 10 1.20 1.80 0.78 5.0 040 1.28
1 51 0.v20 -0320 1.04 0.64 10 1.18 1.80 0.4 6.6 0.43 1.38
2 126 1.225 0485 072 0.87 10 070 1.82 1.18 12.5 0.50 2.53
3 250 1.200 0O.T00 080 0.70 10 061 1.81 1.21 16.0 070 2.28
4 500 1.480 1.010 045 0.81 10 041 1.87 1.42 20.0 1.01 1.88
5 1000 1570 1.300 027 0.83 10 0.23 1.80 1.63 20.0 1.230 1.54
B 1280 1.485 1.045 042 0.68 10 1.18 282 2.20 20.0 1.05 1.82
7 1827 1885 1.325 028 0.67 10 1.80 .48 3.23 20.0 1.23 1.51

The negative values indicate free-flow, as the downstream water depth lies below the gate height.

Determining the flow conditions for the Vertical-slot fish passage

The calculation to determine the flow conditions in the fish passage is shown below
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Vertical-slot fish passage flow conditions

In [2]: o2z SHWEFR
upstrean_water_level ~ [19.55, 18.85, 19,87, 18.86, 10.83, 10.55, 11,57, 11.43] # woter (evels Just upstream of Fisn possage
downstresm_water_level - {§.71, 9.1, 12.14, 19.26, 19.37, 18.58, 11,15, 12.18) swoter levels Just downitreos of Fisn possope
inlet_bed_elevation » .55
nusder_of_poois « 12

& hydroulic doto
Qriver « [2%, 50, 126, 258, 900, 1302, 123, 1627) #river's flow rote
Qeco ~ [5, 6.6, 12.5, 16, 28, 29, 18, 29] ®inflow rote to the ecologicol chonmel

2 Dimensions of the Fish passoge

8siot « 075

CFish = 8.7 salscharge cotfficient of the Fisn pessope’s slots
Lpsal » 5.9

Bpoel = 1.5

Q. fish list « []
total_dh » [}

yo_1ist - [}
d_downstresm_1ist « []

2 getermining the soter depthy wpstreom and cownstress Of the fish pussoge and the woter level #ifference
for 3 in rosge{len{upstrean_water_level)):

y@ = upstress_water_level[j] - inlet_bed_elevation

d_downstrean » downstresm whter level[j] - inlet_ped_elevation

oh « y@ - O_cownstream

ya_list.eppend(yR)
d_downstrean_list.append{d_sounstream)

total_on.sppend(dh)

for { in range(len(total _dh)):
dn_each_pool = totali_an{i] / nusber_of_pocls

Q_fish = Cfish * Bslot * y9_listli] * np.sart(2*g dn_each_pool) #inflow rate of the fish passoge
Q_flep_gate = Qecofi] - Q_fisn
Q_ratio « (Q fisn/ Q flep_gate) * 108 Fene discharge ratio between the ecalogical chanmel and fish posssope

v.slot « Cfish * nmp.sart(2vg'dh_eech _pocl) #fiow velocity thArough the siot
d_pool » ¢_cownstress_list{i] + on_each_pool Mwoter depth (n the pool
energy « (rho * g * QFish * an_sach _pool) / (Lpool * Bpool * 0_pool) ¥ energy ¢issaption over the poots

Q_fien_1ist.append({'Qrivar [m3/s]"t Qriverii], "Qeco [m3/3]°1 Qecofi], 'ah_total [m]': totsl_dnii}],
'y0 [=]": y@_list{i), 'vi [m]': o_cowmstresm_list[i), 'C': Cfish, "8slot [m)': Bslot,
‘Abh_poal [m]': np.round(ah_each_paol,3), 'Qoasssge [mirs)’: np.round(Q fisn,2),
‘Qflap-gate [(m)/5]'1 np.round(Q €lap_gate,2), “discharge ratio [¥]"1 np.round(Q retio,l),
‘v_avg (w53’ np.round(v_slot,;2), "¢ [W/e3]1': np.round(energy,l)))

of_fish_passage ~ pa.Dataframe(Q fisn_list)
Sisplay(af_fish_passage.neac(29))

Qriver Qeco  Ah_total yo ¥yl @  Bslot  &h_pool Qpassage Gflap-gate  discharge ratio v_avg «

[mais] [m3/s} [m] [m] [m] [} [m) [md's] {mais] ) fmis]  [Wim3]
0 3 50 114 180 076 07 075 0085 1.36 A4 34 086 1875
1 0 66 104 150 086 0T 075 0.087 130 530 24 55 081 9345
2 125 125 073 192 419 07 75 0.061 1.10 1140 968 076 4203
3 20 %0 080 M 131 07 075 0050 09% Bom 662 0ss 2856
4 500° 200 045 187 142 07 015 0.035 G684 1915 440 060 1700
] 1000 200 027 $80 183 07 o0rs oz 066 1934 342 aar 708
€ 1250 200 042 262 220 07 ors 0035 114 we 604 0ss 1401
7 1627 200 026 348 A2 o7 0.75 0022 118 183 835 046 625
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J.2. Determining the flow conditions for the second design
alternative

This appendix provides inputs and outputs of the HEC-RAS hydraulic program used to estimate the flow
conditions for the intake structure that consists of consecutive pools and weirs. This appendix supports
Subsection 4.2.4.

Input of the model

Constructing the model of the intake structure starts by defining the dimensions of the passage’s total length,
pool length, and pool width. With the estimated values for an inflow rate of 5 m*/s in Subsection 4.2.4,
these dimensions are set to 150 m, 10 m, and 7 m, respectively. Next, the dimensions of the weirs are
defined in the model. The weir has a width of 6.5 m and a recommended weir length of 0.15 m (Kroes &
Monden). For simplicity, a rectangular shape is taken for both the pools and weir’s flow opening. The first
weir has a crest elevation of NAP+9.24 m (most downstream weir), and the consecutive weirs each increase
by 0.08 m. The last weir (most upstream weir) has a crest elevation of NAP+10.28m. The program’s
windows showing the weirs at the start, middle, and end of the passage are shown in Figure 100.
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e | e | e | - ~
. 1 e of

R

Figure 100: Dimensions inputs of the HEC-RAS program

The figure shows a weir discharge coefficient of 1.88, even though it was stated that the calculation uses a
discharge coefficient of 1.1. This occurs, as the HEC-RAS program calculates for free-flow and
automatically takes the submergence of the weirs into account. According to the HEC-RAS manual
(USACE Hydrolic Engineering Center, n.d.), the weir equation used in the model is:

3
Q=C-B-H2

Where:

Q: flow rate [m*/s]

C: weir flow coefficient
B: weir width [m]

H: weir energy head [m]

Comparing this to the weir equation for free-flow shows that the weir flow coefficient is equal to 1.705
times the discharge coefficient (Cq). The comparison is shown below. The weir flow coefficient is 1.88.
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3 3 3
2 2 Py 2 2 Py >
Q=Cq'B-= /gg-hi - Q== /gg-Cd-B-hi - Q =1.705-Cy4 " B h?

Next, the minimum and maximum required inflow rates of the intake structure, 5 m*/s and 20 m®s, are
added in the model. The water depths downstream of the intake structure (determined in Subsection 4.1.7)
are added to the model. The windows for these inputs are shown in Figure 101. The calculation is performed
for uniform flow.

Fie Options Help
Ervier JESt Murber of Profies (32000 maa): |2 Reach Boundery Conditons .. |

NOVIDUNM

Figure 101: The input windows for the flow rates and downstream water levels

Output of the model

The program calculates the water depths above the weirs and flow velocities in the pools. The flow
conditions at the start, middle, and end of the intake structure for the flow rate 5 m®s are shown in Figure
102, and the longitudinal profile is shown in Figure 103. The figures show that the flow conditions are met
for this flow rate. To accommodate a flow rate of 20 m®/s, the most upstream weir must be lowered to an
elevation of NAP+9.24m. If only the most upstream weir is lowered and the remaining weirs are not, it
leads to increased water levels upstream of the intake structure, which can lead to premature flooding of
the floodplains. The flow conditions at the start, middle, and end of the intake structure for a flow rate 20
m?®/s is shown in Figure 104 and the longitudinal profile in Figure 105.
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Elevation {m)

Bevaion (m)

Elevation {m)

Elevaticn (m]

Figure 102: The water depths above the weir and the flow velocities in the pool for a flow rate of 5 m3/s
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Figure 103: Longitudinal profile of the intake structure for flow rate of 5 m%/s
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Eleyation (m)
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Figure 105: Longitudinal profile of the intake structure with the lowered upstream weir for flow rate of 20 m%/s
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Appendix K Estimating the number of days river
discharges between 400 and 500 m?¥/s occur

The number of days a river discharge between 400 m*/s and 500 m*/s occurs is estimated using the measured
discharge data from the measurement point Venlo. This data is used as it is the closest publicly available
source. The data is extracted from the Waterinfo website from Rijkswaterstaat (Rijkswaterstaat, 2023).
Using the Python code given below, the total number of days in the measured years that exceed a river
discharge of 400 m%/s is determined. The average of these values is used as the final estimated total number
of days, which is 78 days. The values are given in Table 41.

A river discharge of 500 m?/s is exceeded roughly 47 days year per, see Table 11. The number of days a
discharge occurs between 400 m*/s and 500 m%s is the difference between these values, which is 31 days.

vee
1 reges
1 tim r
pnel il on

df_dh_Q[ ‘WAASMEMINGDATUM' ] = pa.to_datetime(af_gn_Qf WAARKEMINGDATIM '}, Tormats NY-Ye-%d')
puScame Yaliow per. yasc; = 14 Specified year. This value is manually changed
for & An rarge(len{df_dh_Q[ WASRNIMINGDATIM' ]))

v ”

af_dh_Q year = df_dh_Q[af_an_Q[ 'wAARNEMINGOATUN ' ].dt. year

daily_avg dfF « ¢F_dh_Q yeer groupby (df_dh_Q yesr[ WAARNENINGOATUN ' J.dt, date) . aggi{

SAFESM h1'1 'wean’,
narge [nd/3 mean ' }) reset_index()
Filtured_of « dully avg of(daily_avg of[ elschurge [n8/3]"] . = = :
g Specified river
display(filrered df head(9)) s Yoo Uy "
print(ien(filtered df[ ¢ischarge [{w3/1]'])) #nunber of row dl\\h‘“.‘rk “‘lllk

Filtered_d¢ describe()

Table 41: Estimated number of days exceeding a river discharge of 400 m?/s

Year Number of days exceeding Qriver = 400 m®/s
2000 81

1999 123

1998 120

1997 42

1996 23

Average value 78
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Appendix L Boundary conditions and flow conditions
for the other complex locations

This appendix provides the estimated channel lengths and the measured river water levels upstream and
downstream of each weir complex location. In addition, it provides the flow conditions in the channel’s
thalweg and bank area for each complex location. This appendix supports Chapter 5.

L.1. Estimated channel lengths

Wair complax Linne

Staw Aveman (ecT Ca) wn
B e

Weir complex Borgharen

Fosaiten fnasotre spoce. 147 w2 R
st Avssid s spw o 3040 TR

(A Avallable space on the South side of the complex
Approximate available area: 0.43 km2

A

7 &A, Overflow Linne
A Available space on the North side of the comples 1 Welr complex Borgharen

¢ Approximate available area: 0.13 km2
Approximate available avea: 0.24 km2 3 Lock Bosscherveld
(B' Busscherveld mature park 3 Overfow channel I Weir complex Linne
Approximate avallable area: 0,41 kanl 4 Floodgate Limmel
2 Ecological channel
£  Ecolegical channel

estimnted longth: 2 km
estimated length: 1 ki

Figure 106: Estimated channel length for weir complex Borgharen and Linne (Google earth, 2022)
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Weir complex Roermond

Possdbe Avulatie spuce (75 k2 W
Fossitie Avaiabie space 022 km2 W

ﬁ. Avallable space on the North side of the complex
Approxtmate available area: 0.52 km2

@ Available space on the South side of the complex
Approximate available area: 0.05 km

1 Weir complex Belfeld

2 Ecological channel estimated length: 2 km

4

(A Available space on the North side of the complex
Approximate available area: 0.75 km2

’.jk Available space on the South side of the complex
Approximate available area: 0.22 km2
L Welr complex Roermond

2 Ecological channel
estimated length: 2.5 km

Figure 107: Estimated channel length for weir complex Roermond and Belfeld (Google earth, 2022)

B Wlaie spent oo Bae Nor dbde of e oo piey 1 Woie comples ity
Appresimase s ndeivie aree O bkmd

B v alavie spere ow dar Seark 1o of the comphrs 1 Ecoleginal thremst evtmmsed lexgtt: 34 b

Appremmnase sewdeive arow 014 hmct

G0 Available space om the North vide of the complex 1 Welr complex Grave
Approvisate svailable ares: 021 hund

1 Ecnlogeal channed extimsated lengthe 2 o
@ Availabie space on the South side of the complex

Approxissate available area: 0.26 koul
Figure 108: Estimated channel length for weir complex Grave and Lith (Google earth, 2022)
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L.2.

River’s
discharge
Qriver
[m/s]
25

<50
125
250
500
1000
1250
1627

River’s
discharge
Qriver
[m/s]
25

<50
125
250
500
1000
1250
1627

River’s
discharge
Qriver
[m/s]
25

<50
125
250
500
1000
1250
1627

River’s
discharge
Qriver
[m?/s]

25

Measured river water levels at each complex location

Table 42: The measured flow rates and water levels at the first measurement point upstream and downstream the weir complexes
(measurements provided by Royal HaskoningDHV). The frequency for which the water levels are exceed is expressed in the total
numbers of days per year and the total percentage per year.

Weir complex Borgharen
Reserved = Available Water levels
discharge discharge at Borgharen

[m3s]

20
25
25
25
25
25
25
25

Reserved
discharge
[m3s]

20
25
25
25
25
25
25
25

Reserved
discharge
[m3s]

20
25
25
25
25
25
25
25

Reserved
discharge
[m3s]

20

Q [m¥s]

5

25
100
225
475
975
1225
1602

Available
discharge

Q [m/s]

5

25
100
225
475
975
1225
1602

Available
discharge

Q [m/s]

5

25
100
225
475
975
1225
1602

Available
discharge

Q [m¥s]

5

JK

NAP+44.08m
NAP+44.08m
NAP+44.10m
NAP+44.09m
NAP+44.03m
NAP+44.05m
NAP+44.05m
NAP+44.83m

Water levels
at Borgharen
dorp

NAP+38.04m
NAP+38.04m
NAP+38.70m
NAP+39.51m
NAP+40.74m
NAP+42.62m
NAP+43.42m
NAP+43.93m

Weir complex Linne

Water levels
at Heel-
Boven

NAP+20.86m
NAP+20.86m
NAP+20.85m
NAP+20.84m
NAP+20.81m
NAP+20.92m
NAP+20.85m
NAP+21.43m

Water levels
at Linne-
Beneden

NAP+16.86m
NAP+16.86m
NAP+16.92m
NAP+17.09m
NAP+17.59m
NAP+18.93m
NAP+19.60m
NAP+20.55m

Weir complex Roermond

Water levels
at Roermond-
Boven

NAP+16.85m
NAP+16.85m
NAP+16.85m
NAP+16.83m
NAP+16.79m
NAP+16.85m
NAP+17.61m
NAP+18.61m

Water levels
at Heel-
Beneden

NAP+14.15m
NAP+14.15m
NAP+14.20m
NAP+14.32m
NAP+14.75m
NAP+16.22m
NAP+17.10m
NAP+18.32m

Weir complex Belfeld

Water levels
at Belfeld-
Boven

NAP+14.14m

Water levels
at Belfeld-
Beneden

NAP+10.98m

Ah
[m]

6.04
6.04
5.40
4.58
3.29
1.43
0.63
0.90

Ah
[m]

4.0

4.0

3.93
3.75
3.22
1.99
1.25
0.88

Ah
[m]

2.7

2.7

2.65
2.51
2.04
0.63
0.51
0.29

Ah
[m]

3.16

#Days water
levels
exceeded

272
272
188
109
47
9

4

#Days water
levels
exceeded

272
272
188
109
47
9

4

#Days water
levels
exceeded

272
272
188
109
47
9

4

#Days water
levels
exceeded

272

% days
water
levels
exceeded
75%
75%
52%
30%
13%
3%

1%

% days
water
levels
exceeded
75%
75%
52%
30%
13%
3%

1%

% days
water
levels
exceeded
75%
75%
52%
30%
13%
3%

1%

% days
water
levels
exceeded
75%
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<50
125
250
500
1000
1250
1627

River’s
discharge
Qriver
[m?/s]
25

<50
125
250
500
1000
1250
1627

River’s
discharge
Qriver
[m?/s]
25

<50
125
250
500
1000
1250
1627

L.3.

25
25
25
25
25
25
25

Reserved
discharge
[m®s]

20
25
25
25
25
25
25
25

Reserved
discharge
[m®s]

20
25
25
25
25
25
25
25

Channel’s flow conditions for quasi-uniform flow

25
100
225
475
975
1225
1602

Available
discharge

Q [m/s]

5

25
100
225
475
975
1225
1602

Available
discharge

Q [m/s]

5

25
100
225
475
975
1225
1602

NAP+14.14m NAP+10.98m
NAP+14.12m NAP+11.18m
NAP+14.07m NAP+11.59m
NAP+14.07m NAP+12.57m
NAP+14.89m NAP+14.64m
NAP+15.63m NAP+15.56m
NAP+17.06m NAP+16.81m
Weir complex Grave
Water levels = Water levels
at Grave- at Grave-
Boven Beneden
NAP+7.69m NAP+4.93m
NAP+7.69m  NAP+4.93m
NAP+7.69m | NAP+4.96m
NAP+7.62m NAP+5.09m
NAP+7.45m NAP+5.55m
NAP+7.40m NAP+6.76m
NAP+7.84m | NAP+7.37Tm
NAP+8.50m  NAP+8.14m
Weir complex Lith
Water levels =~ Water levels
at Lith-Boven | at Lith-
Beneden
NAP+4.89m NAP+0.65m
NAP+4.89m  NAP+0.65m
NAP+4.90m | NAP+0.73m
NAP+4.90m NAP+0.99m
NAP+4.90m NAP+1.76m
NAP+4.90m NAP+3.35m
NAP+4.12m | NAP+3.95m
NAP+4.89m  NAP+4.64m

3.16
2.94
2.48
1.50
0.25
0.07
0.25

Ah
[m]

2.76
2.76
2.73
2.53
1.90
0.64
0.47
0.36

Ah
[m]

4.24
4.24
4.17
3.91
3.14
1.55
0.17
0.25

272
188
109
47

#Days water
levels
exceeded

272
272
188
109
47
9

4

#Days water
levels
exceeded

272
272
188
109
47
9

4

75%
52%
30%
13%
3%
1%

% days
water
levels
exceeded
75%
75%
52%
30%
13%
3%

1%

% days
water
levels
exceeded
75%
75%
52%
30%
13%
3%

1%

The flow conditions are determined with the Python code provided in Appendix I. The upstream and
downstream water levels, the inlet and outlet bed elevations, and channel length values are adjusted in the
code, while the remainder of the calculation remains unchanged. The input values and flow conditions for
each complex location are shown below.
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Weir complex Borgharen

In [37]:

Weir complex Borgharen

=== == = T === RIVER'S BOUNDARY CONDITIONS

Qriver = [5@, 125, 25@, S@e, 1@ee@, 1250, 1627] #mi/s
h_SAMBV = [44.@8, 44.1@, 44.89, 44.83, 44.85, 44.85, 44.83] #NAP+m
h_SAMBN = [38.@4, 38.78, 39.51, 4@.74, 42.62, 43.42, 43.93] #NAP+m

CHANNEL 'S BED LEVELS

zinlet_end = 37.35 #uaes
I_outlet_start = 37.49 #NaP+m
dz = z_inlet_end - z outlet start #chonnel's bed Level difference

print(f"the channel's total bed level difference {np.round{dz,2)} m"}

# R CHANNEL 'S LENGTHS
L = [18@82]
ib_list = []
for j in range(len{L}):
ib = dz/L[]]
ib list.append{{‘'L [m]": L[]j]l, "az [m]': dz, "ib": ib}}

df_slope = pd.DataFrame(ib_list)
display(df_slope.headi{2a))

# R R R R WATER LEVELS DOWNSTREAM OF THE CHANNEL
## the colculation done for each water Level

h_BC = h_SaMBN[8] # boundory condition @ ; Qriver < 58 m3/s

h_BC = h_SAMBN[1] # boundary condition 1 ; @river = 125 m3/s
h_BC = h_SAMBN[2] # boundory condition 2 ; Qriver = 258 m3/s
h_BC = h_SAMBN[3] # boundory condition 3 ; Qriver = 588 m3/s
h_BC = h_SAMBN[4] # boundary condition 4 ; griver = 1886 m3/s
h_BC = h_SAMBN[S] # boundary condition 5 ; @Qriver = 1258 m3/s
h_BC = h_sameN[&] # boundory condition & ; Qriver = 1827 m3/s

¥_BC = h_BC - z_outlet_start Fimmm o #downstream boundery condition is the water depth at the channel's ouwtlet Location
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Flow conditions satisfied

ats =0 mfor Qeco = 5.0 m'js
d=055m
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ats =0 mfor Qeco = 20 m'js
d=325m
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Weir complex Linne

Weir complex Linne

In [3&8]:

R R R S R R S R R RIVER'S BOUNDARY CONDITIONS
Qriver = [5e, 125, 25@, 5@, 180@, 1258, 1627] #mi/s

h_SAMBV = [28.36, 28.35, 20.84, 28.81, 20.92, 20.85, 21.43] #NAP+m
h_SAMBN = [16.86, 16.92, 17.89, 17.59, 18.93, 19.68, 20.55] #MAP+m

CHANNEL 'S BED LEVELS

Z_inlet end = 17.38 #MAP+

Z_outlet_start = 16.31 #NAP+m

dz = z_inlet_end - z_outlet_start #chonnel's bed Level difference
print(f"the channel's total bed level difference {np.round{dz,2)} m"}

CHANNEL 'S LENGTHS

L = [2000]

ib_list = []

for j in range(len{L})
ib = dz/L[]]
ib list.append{{'L [m]"': L[]], "az [m]": dz, "ib': ib})

df_slope = pd.DataFrame(ib_list)
display(df_slope.head(28))

= === =22 ===- === WATER LEVELS DOWNSTREAM OF THE CHANNEL
#¢ the calculation done for eoch water Level

h_BC = h_SAMBN[®] # boundary condition & ; griver < 58 m3/s

h_BC = h_SaMBN[1] # boundary conditionm 1 ; griver = 125 m3/s

h_BC = h_SAMBN[2] # boundary condition 2 ; griver = 258 m3/s

h_BC = h_SAMBN[Z] # boundary condition 3 ; griver = 588 m3/s

h_BC = h_SAMBN[4] # boundory condition 4 ; Qriver = 1888 m3/s

h_BC = h_SAMBN[S] # boundaory condition 5 ; griver = 1258 m3/s

h_BC = h_SAMBHN[5] # boundary condition & ; @river = 1627 m3/s

¥_BC = h_BC - z_outlet_start L #downstream boundary condition is the water depth at the chaonnel's outlet location
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Flow conditions satisﬁed
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d_step = [0.5,05,05,1.12]m

u_step = [1.25, 0.96, 0.78, 0.54) m/s

umttll26.20&195 1.721 m/s

— h=1893m
[ he = 17.74m

ats =0 mfor Qeco = 20 m'/s
d=329m
d_step =105.05.0% 1.79Im
u_step = (147, 118, 1.02,. 0 72] ms
u_cnt =[2.37.222,212, 191 nys

— h=196m

2 [ — ne=1774m

ats = 0 mfor Quco = 20 m%/s
d=424m

d_step = [0.5, 05,05, 2.74]l m

u_step = [1.75, 1.46, 1.31, 0.94] m/s

u_cnt =[249,237,.23,2071 m/s

— h=2055m
4 ‘K'“¥ — he=17.74m 7*1

x(m)

at s =-10000 m for Qeco = 20 m’/s
d=217m
d_step = [05,05,05,0.67]1m
u_step = [1.09, 0.8, 0.61, 0.39] m/s
u_ent = (217,197,179, 1511 m/s

— h=18397m

B —ne~mam

ats = -1000.0 m for Qeco = 20 m%/s
d=281m
d_step=10%5,05 05 1.31Im
u_step = [1.31, 1.03, 0.85, 0.6] nvs
u_crit = {229, 2.13, 2.01. 1. 78] m/s

— h=196lm
a 1 — he=1823m

x[m]

ats = -1000.0 m for Qeco = 20 m’/s
d=375m

d_step = [05, 0.5, 0.5,2.25Im

u_step = [1.61,1.32,1.17, 0.83] m/s.

u_cnit=[243.23,221 193] m/s

— h=2055m
a — he=18.23m
0
E
£°1
b
” —t
EET [ 10 2
*m)

180

s

e

=-1998 0 m for Qeco = 20 m’/s
d=179m
d step = [05,05,0.5,0.29] m
uit!p-logl 065,044,021 m/s
u_cnt =[207, 183,158, 116] m/s

= h=1509m
T hew1873n

-20 =10 0 10 o
xm]
ats =-1998.0 m for Qeco = 20 mY/s
d=235m
d_step =[05,05.05, 0851 m

u_step = [1.15. 0.87, 0.68, 0.45] m/s
u_cnit = (221, 202, 1.86, 1.61) mys

185

Bmo

s

— h=1965m |
— he=1873m

ats =-1998 0 m for Qeco = 20 m¥/s
d=326m
d_step = [0.5, 05,05, 1.76] m
u_step = (1.46, 117,101, 0.72) m/s
u_crit =[237,2.22, 212, 1.89] mys

— h=205m |
— he = 18.73m |

-20 ~10 o 10 2

Flow conditions not satisfied
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Appendices

Weir complex Roermond

In [392]:

Weir complex Roermond

RIVER'S BOUNDARY CONDITIONS

Qriver = [5e, 125, 258, 588, 188@, 1258, 1627] #m3/s
h_SAMBY = [16.85, 16.85, 16.83, 16.79, 16.85, 17.61, 18.561] #NAP+m
h_SAMBN = [14.15, 14.2@, 14.32, 14.75, 16.22, 17.18, 18.32] #NAP+m

CHANNEL 'S BED LEVELS

z_inlet_end = 14.34 &NaP+
z_outlet_start = 13.60 #naAP+m

dz = z_inlet end - z_outlet_start #chomnel's bed lewvel difference

print(f"the channel's total bed level difference {np.round{dz,2}} m"}

# R CHANNEL 'S LENGTHS
L = [2508]
ib_list = []
for j in range(len{L))
ib = dz/L[]]
ib_list.append{{'L [m]": L[j], 'az [m]": dz, "ib': ib})

df_slope = pd.DataFrame({ib_list)
display(df_sleope.head(28))

# S S 2 s S WATER LEVELS DOWNSTREAM OF THE CHANNEL
#¢ the calculation done for each water Level

h_BC = h_SAMBN[®] # boundgry condition & ; Qriver < 58 m3/s

h_BC = h_SAMBN[1] boundary condition 3 @river = 125 m3/s

h_BC = h_SAMBN[2] boundary condition 2 ; Qriver = 258 m3/s
:

h_BC = h_SAMBN[Z]
h_BC = h_SaMBN[4]
h_BC = h_SAMBN[S]
h_BC = h_saMEN[s]

boundary condition

i

2

3 ; griver = 58@ m3i/s
boundary condition 4

5

&

griver = 1888 m3/s
griver = 1258 m3/s
griver = 1627 m3/s

g

boundary condition
boundary condition

E R T A
b

e

y_BC = h_BC - z_outlet_start R #downstreom boundery condition is the water depth at the channel's outlet Location
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Appendices

Flow conditions satlsﬁed
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Appendices

ats =0 mfor Qeco = 20 m'ss
d=262m
d_step=1{05.05,05.112Im
u_step = [1.25, 0.96, 0.78, 0.54] m/s
u_crit = (2 26, 2.08. 195, 1.72] mys

— h=16.22m
s— e = 15.03m

ats =0 m for Qeco = 20 m'/s
d=35m
d_step=[0505.0520Im
u_step =[153,124,109, 077 m/s
u et =[24,226,217,194] nys

— h=171m
— he=1503m

*{m}

ats =0 mforQaco = 20m’s
d=472m
d_step = [0.5,05,05,322]m
u_step = [1.89, 159, 1.45. 1 03] m/s

u_crit = [2.55, 2.43. 2 36, 2 13) m/s

T

”
E o

T3 = h=1832m
'§ ~— he = 15.03m
L]

5 -

" e =

|

ats=-12500m for Qeco = 20 m'/s
d=206m
d_step =[05,05.05, 0561 m
u_step = [1 05, 0.76, 0.56, 0.34] mys
uent=(214,103, 174, 14841 m/s

— h=1528m
— he = 15 65m

ats=-1250.0m for Qeco = 20 m’/s
d=29m
dstep=1[050505 14Im
u_step = [134, 105, 0.88, 0.62] m/s
u cnt =[231, 2.15, 2,03, 1 Bl m/s

|— h=1712m
— ha=1565m

={m]

ats = -1250.0 m for Qeco = 20 m¥/s
d=41m
d_step =[05,05,05,26]m
u_stsp = [1.72. 1 42, 1.28, 0.91] m/s
u_crit = [248, 235,227, 205] mys.

wi |

— h=1532m
| — he=1565m

elevation [m]
&

0 0 )
«{m}

=20 ~-10

elevation [m]

165

s

e

ats=-2497.5 m for Qeco = 20 m’/s
d=165m
d_step=[05,05,05 015 m
u_step = (0.89, 0.6, 0.37, 0.12) m/s
u_cnt = (203, 1.78, 1,48, 0.87) m/s

—— h=1649m

— he = 162Tm

i
|
20 -0 0 10 »
x[m]

ats =-2497 5 m for Qeco = 20 m’/s
d=231m
d_step=[05.05.05 0811m

u_step = [114, 0.86, 067, 0. 44l m/s
u_cnt = (2.2, 201, 185, 1.59] m/s

— h=1715m

- he = 1627m

x[m]

ats = -2497 5 m for Qeco = 20 mY/s
d=349m
d_step = [05,05,0.5, 1.99] m
u_step = [153, 124,109,077 mjs
u_ent=(24,226,217,194) mis

85 T

% | 1

17s | ‘

|
! :
| — h=1333m

165 | — he=1627m |

160 AN [ [l — [

B5 ' pre—

150 e T

us ; : .

-2 10 0 0 B
x [m]

Flow conditions not satisfied
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Appendices

Weir complex Belfeld

In [48]:

Weir complex Belfeld

A R R R R R R AR RIVER'S BOUNDARY CONDITIONS
Qriver = [58, 125, 258, 5@@, 18@8, 1258, 1627] #m3/s
h_SAMBY = [14.14, 14.12, 14.87, 14.87, 14.89, 15.63, 17.86] #NAP:m
h_SAMBN = [18.98, 11.18, 11.59, 12.57, 14.564, 15.56, 16.81] #NAP+m

CHANNEL 'S BED LEVELS

inlet_end = 11.42 #NAP+

z:cu'tlet_s'tar"t = 18.43 &NAP+M
dz = z_inlet_end - z_outlet_start #channel's bed Level difference

print(f"the channel's total bed level difference {np.round{dz,2}} m"}

# R CHANNEL 'S LENGTHS
L = [2@88]
ib_list = []
for j in range{len{L}):
ib = dz/L[]]
ib_list.append{{'L [m]': L[j], "&z [m]': dz, "i

: ib})

df_slepe = pd.DataFrame{ib_list)
display({df_slope.head(2a))

# i A A S e WATER LEVELS DOWNSTREAM OF THE CHANNEL
#¢ the calculation done for each water Level

h_BC = h_SAMBN[@] # boundagry condition @ ; Qriver <« 58 m3/s

h_BC = h_SAaMBN[1] boundary condition griver = 125 m3/s

h_BC = h_SaMBN[2] boundary condition griver = 258 m3/s

h_BC = h_SAMBN[2] boundary condition griver = 588 m3/s

h_BC = h_SAMBN[4] boundary condition griver = 1838 mi/s

h_BC = h_SAMBN[%] boundary condition griver = 1258 m3/s

h_BC = h_SaMBN[&] boundary condition griver = 1627 mi/s

"
-

5 s

-

-

LU TIE T T TR Y
LR U P O -]
-

-

y_BC = h_BC - z_outlet start L #downstream boundary condition is the water depth at the channel's outlet Location
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Appendices

Flow conditions satisfied

ats=0mforQeco =50 m'/s
d=055m
dstep =[05 005 m
u_step = (037, 0.03) mys
u_cnt = (149, 0.38] mys

ats =-1000.0 m for Qeco = 5.0 m¥/s
d=076m
d_step = [05, 0.26] m
u_step = [0.49, 0.2] mys
u_crit = [165, 115 m/s

[
s !
»
€ n
1
1
— h=109m
— he=-112m
©
20 -6 0 10 0
«jm]

ats=0mforQeco=66m'/s
d=055m
d_step = [05,0.05] m
u step = [0.37, 0.02] nys.
u_crit = [1.49, 0.38] mys.

—— h=1169m
— he = 11.65m

— h=10.96m
® i — he=1135m

-20 -10 0 10 2
*m

ats =-10000m forQeco = 66 m'js
d=085m
d step = [05,035]m
u_step = [0.53, 0.26] mys.
u_cnt = (171, 1.29] mss

EE R ) n F)
«iml

as=0mforQeco =125 m/s
d=075m
d_step=105,025]m
u_step = (0.48, 0.2) mjs
u_crit = [1 64, 1 13 mys.

= h =11 78m
= e = 13.78m _ 13

— n=111m
® ; — he=ll62m 1

«imj

ats = -1000.0 m for Qeco = 12.5m¥js
d=118m
d_step ={05.05,018Im
u_step = (069,038, 0 14] mys.
u_crit = [1 86, 1.5, 0.97) mys

wim)

ats = 0mfor Qeco = 16 m’ss
d=116m
d_step = [0.9, 0.5 0161 m
u_step = 10,68, 0.37, 0.13] mys.
u_crit = (1,86, 149, 0.931 m/s

— h=121m
— he=121Im.

- 11.55m
5 ! — he 11 78m

-0 -10 o » 0
amj
ats = -1000.0 m for Qeco = 16 m’fs
d=13m
d_step = (0.5, 05,031 m
u_step = [0.74, 0.4, 0.23] Vs
u_crt = (191, 159, 1.211 nvs

— n=L22m
— e = 122Im

ats = -1998.0 m for Qeco = 5.0 m/s
4=077m
dstep=[05027Im
u_step = [0.49, 0 211 nys
u_crit = [1 65, 1.16) m/s

—— h=1218m
== be = 12.18m

20 -0 0 1 2
x[m]

ats =-19980 m for Qeco = 6,6 m’/s
d=08m
d step =05, 0.36] m
u_step = [0.54, 0 26] nys.
u_crit = [1.73, 1.29] mis

— h=1228m
— he=1228m

xm]

ats=-1998.0 m for Qeco = 12.5m’s
d=119m
d_step=105.05 0191 m
u_step =[0.69,039.015] nys
u_cnt = [1.87. 152, 1011 mis

— h=126lm |
 —heml?fIm|

-0 -10 ° w o
«[m]

ats = -1998.0 m for Qeco = 16 mjs
d=131m
d_step = [0.5,0.5.0 331 m
u_step = [0.74,0.45, 0.23] mys
ucrt =192, 16,1221 ms

— h=1273m
o he=1273m
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Appendices

© T
~20 -10 o 0 el
xmj
ats =0 mfor Qeco = 20m’fs
d=421m
d_step = 05,05,05,2711m
u_step = 174,145,131 093] m/s
u_crit = [2.49, 2.36, 2.29, 2.06] m/s
| — n=1883m
1 \ ‘ — he=1186m ‘

ximi

ats =0 mfor Qeco = 20 m’fs
d=513m
d_step =[05.05,05.329]m
u_step = [2.0,17, 1.56, 0761 m/s
u_crit = [2.59, 2.47, 2.41, 1.93] m/s

EE U] 10 »
x{mi

ats = 0mfor Qeco = 20m’fs
d=638m
d_step = [0.5.05,05.329Im
u_sfep = 12,32, 2.0. 1 88, 1.04] ms
u_crit = [2.69, 2.59, 2.54, 2.14] m/s

-0 -10

0 x

°
x{m)

20 -1 0 0 0
'im)

ats =-10000 m for Qeco = 20 m¥/s
d=372m
d_step =(05,05,05 222Im
u_step = [16,1.31. 116, 0 821 m/s
u_crit = [2.43, 2.29, 221, 1.98] Vs

ns4edm

b

-9 -10 ° o 2
x(m}

ats=-10000m for Qeco = 20 m'/s
d=464m
d_step = [05.05.05, 214l m

u_step = [187, 157,143,102 m/s
u_crit = [2.54, 2.42, 2.35, 212] mvs

-0 -0 o o o
am

ats =-1000.0 m for Qeco = 20 m*fs
d=589m
d_step = [05.05.05,3.29) m
u_step =122, 1,89, 1.76, 0. 941 m/s
u_cnt = [2.65. 2.55, 2.5, 2.07I mis

=20 -10 » o

)
xim|

®s

ats =0 mfor Qeco = 20m’ss ats = -1000 0 m for Qeco = 20 m'/s ats = -1998.0 m for Qeco = 20 m'/s
d=214m d=177m d=155m
d_step » (0.5, 05,05, 0.64]m d_step » [05,05,05,027Im d_step = (0.5,0.5,05,005] m
u_step = [1.08, 0.79, 0.59. 0.38] m/s u_step = [0.93, 0.65. 0.43, 0.19] mys. u_step = [0.85, 0.56, 0.32, 0.03] més.
u_crit ={216.196.177, 1491 mjs u_crit =[207,183,157. 113 m/s uent =[20.173, 14,039] nvs
— = 125Tm — =12 6m — h=1297m
T S EEEE— P T —— — he=1235m | — he=-1285m |

x(m]

ats =-19980 m for Qeco = 20 m¥js
d=323m
d_step = {0.5,0.5,05.1.731m
u_step = [1.45. 116, 10,0 71} m/s
u_cnt = (236, 2.21, 2.1, 1.89) nvs

n=1465m
— he=1288m |

T

-0 -10 0 » o
x(m)

ats=-19980 m for Qeco = 20 m’/s
d=415m
d_step = [05,05.05,265Im
u_step = (173,143,129, 0.92] mjs
v_crit = [2 48, 2.35, 2.28, 2.05] m/s

[ -] ] 0 0
x(m]

ats =-19980 m for Qeco = 20 m'/s

d=54m
d_step « [05,05.05, 3291 m
u_step = (207,176,163, 083 mjs

u_crit = {261, 2.5, 2.45, 1.99] m/s

Flow conditions not satisfied
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Appendices

Weir complex Grave

In [41]:

Weir complex Grave

RIVER'S BOUNDARY CONDITIONS

Qriver = [5@, 125, 258, 5@, 18@8, 1258, 1827] #mi/s
h_SAMBY = [7.69, 7.63, 7.2, 7.45, 7.48, 7.84, £.5] #MaP+m
h_SAMBN = [4.93, 24.96, 5.89, 5.55, .76, 7.37, £.14] #N4P+m

CHANNEL 'S BED LEVELS

_inlet_end = 5.37 #NAP+

outlet_start = £.38 #NaP+m

z = z_inlet_end - z_outlet start #chonmel's bed Level difference

o

[~y

print(f"the channel's total bed level difference {np.rcund(dz,2)} m")

CHANNEL 'S LENGTHS

L = [2000]

ib_list = []

for j in range(len{L})
ib = dz/L[]]
ib_list.append{{"L [m]"': L[j], "az [m]': dz, "ib": ib})

df_slope = pd.DataFrame(ib_list)
display(df_slepe.head(2a))

# G G G S WATER LEVELS DOWNSTREAM OF THE CHANNEL
## the calculation done for each water Level
h_BC = h_SAMBN[®] & boundory conditiom @ ; Qriver < 5& m3/s

h_BC = h_SAMBN[1] #& boundory condition 1 ; griver = 125 m3/s
h_BC = h_SAMBN[2] # boundory conditiom 2 ; Qriver = 258 m3/s
h_BC = h_SAMBN[3] # boundory condition 3 ; griver = 588 m3/s
h_BC = h_SAMBN[4] # boundary condition 4 ; griver = 1886 m3/s
h_BC = h_SAMBN[S] # boundary condition 5 ; griver = 1258 m3/s
h_BC = h_saMBN[&] & boundgry conditiom & ; Qriver = 1827 m3/s
y_BC = h_BC - z_outlet_start L #downstreom boundary condition is the water depth at the channel's outlet Location
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Flow conditions satisfied
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Appendices

ats =0 mfor Qeco = 20 m’/s ats = -1000.0 m for Qeco = 20 m'/s at's=-1998 0 m for Qeco = 20 m'/s
d=238m d=19m d=164m
d_step ={05,05.05,088m d_step =[05,05.05. 0.46] m d_step =(05,05.05,014]m
u_step = [1.16, 0 68, 0.69, 0 46] m/s u_step = [101,072.051, 03] mis u_step = [0 89, 0.6,0.37, 0.11) m/s
u_crit = [2.21, 2.02, 187, 1.62) m/s u_crit = 212, 19, 1,68, 1.36] m/s u_crit = (2.03, 1 78, 1 48, 0.86] m/s

— h=7.0lm
20 -0 0 0 » e P—Y [} ) »
xm) x[m]
ats = 0 mfor Qeco = 20 m’/s ats=-1000.0 m for Qeco = 20 m’/s ats = -19980 m for Qeco = 20 m’/s
d=299m d=252m d=208m
d_step = [05,0.5,05,1.49] m d_step = {05, 05,05, 1.02] m d_step = (05, 05,05, 0.58] m
u_step = [1.37, 1.08, 0.92, 0.65] mys u_step = [1.21, 0.93, 0.75, 0.51) m/s u_step = [1.05, 0.77, 057, 0.35} m/s
u_cnt = [2.32, 2.16. 2.05, 1.83] m/s u_cnt = [2.24, 2.06, 192, 1.68] nvs u_cnt = [2.15, 194, 1.74, 1.45] mis
| %0 l |
8s
80
7%
L.

— ne=68m
50 ; | \
-20 ~10 [J 0 20 -20 ~10 0 10 2
X fm] x{m] x[m]
ats = 0 m for Qeco = 20 m¥/s ats = -1000.0 m for Qeco = 20 m’fs ats = -19980 m for Qeco = 20 m'/s
d=376m d=32Tm d=279m
d_step =105,05.05,226Im d_step=1[0505051771m d_step =[05.05.05 1291 m
u_step = [161,132,117,083Im/s u_step = [1.46,1.17,1.01,0.72] m/s u_step = [1.31. 102, 0.85, 0.59] m/s
ucrit = (244,23, 222,199 mys u_crit = [2.37, 2.22, 2,12, 1.89 m/s u_crit = (229, 2.12, 2.0, 1.771 m/s

85

80

10

elevation [m]

65

55
— h=816m
— e =6 IM ' — e =68m !
: } sodl— ' ; '
-20 ~10 o 10 2 ~20 ~10 0 pt] 0 ~20 ~10 o 10 2
x [m] x[m] x[m]

Flow conditions not satisfied
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Appendices

Weir complex Lith

In [42]:

Weir complex Lith

h_SAMBY =
h_SAMBN =

Z_inlet_end = 1.34 #NAP+

z_outlet_start = 2.18 #N4P+m
dz = z_inlet_end - z_outlet_start #chonnel's bed Level difference

: s s s it RIVER'S BOUNDARY CONDITIONS
griver = [Se, 125, 25@, Se@, 180@, 1258, 1627] #mi/s

[#.83, 4.98, 4.99, 4.98, 4.90, 4.12, 4.59] #MAPm

[8.85, ©.73, @.93, 1.76, 3.35, 3.95, 4.54] #MaPwm

CHANNEL 'S BED LEVELS

print(f"the channel's total bed level difference {np.round{dz,2}} m"}

CHANNEL 'S LENGTHS

#channels Length is between the inlet and outlet ramp
L = [25ea]
ib_list = []

for j in range(len{L}):

df_slope =

ib = dz/L[]]
ib_list.append{{"L [m]': L[j],

display(df_slope.head(28)}

pd.DataFrame(ib_list)

## the calculation done jfor each water Level

h_BC
h_BC
h_BC
h_BC
h_BC
h_BC
h_BC

y_BC

h_saMBn[2] # boundary
h_SAMBN[1] # boundary
h_SAMBN[2] # boundary
h_SAMBN[3] # boundary
h_samBnN[4] # boundary
h_SAMBN[Z] # boundary
h_SAMBN[&] # boundary

h_BC - z_outlet_start

condition
condition
condition
condition
condition
condition
condition

‘az [m]': dz, 'ib":

WATER LEVELS

-}

1
2
3
4
5
&

e e e e e e

.

griver
griver
griver
griver
griver
griver
griver

[T T

#downstream

ib})

DOWNSTREAM OF THE CHANNEL

5@ m3/s

125 m3/s
258 m3/s
588 m3/s
1888 mi/ss
1250 m3/s
1627 m3/s

boundary condition is the water depth at the channel's outlet Location
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Appendices

Flow conditions satisfied

ats =0 mfor Qeco=50ms
d=055m
d_step = (05,005 m
u_step = (0.37,0.03) nvs
u_crit = [1.49, 0.38] mvs

ats=-12500m for Qeco = 5.0 mifs
d4=076m
d_step = {05,026l m
u_step = 10.49. 021 mvs

u_crit = [1.65, 1.15] m's

— N =065
— e =087
-2 -10 ° 0 2
alm]

ats =0 mforQeco=66ms
d=05m
d step = [05,0.05] m
u_step = [0.37, 0.03] m/s
un-uu‘omm

!
-0 -l [ 10 2
x|m]

ats=-1250.0 m for Qeco = 6.6 m'ls
d=08B6m
d_step = [0.5,0.36] m
u_step = [0.53, 0.26] mys
u crit = {171, 1 20] nv's

!

20 - o 1 E
«(m]

ats =0 mfor Qeco= 125 m¥s
d=063m
d_step = 105,013 m
u_step = (0,42, 0.11] s
u_crit = (155, 0.831 mis

-0 -0 ) 1 0
x{m}

ats =-1250.0m for Qeco = 12.5 m¥s
d=118m
d_step = [05.05,.018Im
u_step = [0.69, 039, 0.15] mys

— =129

u_crit = (187,151, 0991 nvs

—he=19lm

» -0 0 10 E)
xim)

ats= omlorox.o 16miss
dmnclos om
u_step = [0 55, 0.281 m/s
u_erit =173, 133 mis

-0 -10 0 0 »
*m)

us--usoomloroe:o 16 m'js
mp-ms.us.anm
u_step = [0 74, 0.44, 0.23] nvs
u :vk=lu|, 159, lnlm
T

ats=-24975 m for Qeco = 50 m'/s
d=07Tm
d_step=105,.027Im
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Flow conditions not satisfied
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Qriver
[mis)

Qeco
fm3is)

Ab_total
[m]

vo
im)

y

[m)

L Bslot

m)

Ah_pool
fm)

Qpassage
[m3s)

QNap gate
{miis)

discharge o
%]

v_avg
[mis)

£
[(Win3)

o

L.4.

Input values

279 3155

a7 ov 0.75

0100
0.056
0.085
0.080

0.076

0.00%

Vertical-slot fish passage’s flow conditions

The flow conditions are determined with the Python code provided in Appendix J.1. The upstream and
downstream water levels, the inlet bed elevation, and number of pools values are adjusted in the code. These
input values are shown in Table 43. The remainder of the calculation remains unchanged, and the flow
conditions of each complex location is shown in the tables below.

Table 43: The flow parameters at each complex location for the fish passage calculation
Weir complex Borgharen
inlet’s bed elevation NAP+37.99m
number of pools: 54

River’s
discharge
Qriver [m3/5]
25

<50

125

250

500

1000
1250
1627

River’s
discharge
Qriver [m3/5]
25

<50

125

250

500

1000
1250
1627

Upstream
water levels

NAP+44.08m
NAP+44.08m
NAP+44.10m
NAP+44.09m
NAP+44.03m
NAP+44.05m
NAP+44.05m
NAP+44.83m

Downstream
water levels

NAP+38.75m
NAP+38.84m
NAP+39.10m
NAP+39.62m
NAP+40.76m
NAP+42.62m
NAP+43.42m
NAP+43.93m

Weir complex Roermond;
inlet’s bed elevation NAP+14.84m
number of pools: 13

Upstream
water levels

NAP+16.85m
NAP+16.85m
NAP+16.85m
NAP+16.83m
NAP+16.79m
NAP+16.85m
NAP+17.61m
NAP+18.61m

Downstream
water levels

NAP+15.60m
NAP+15.70m
NAP+16.03m
NAP+16.15m
NAP+16.26m
NAP+16.49m
NAP+17.15m
NAP+18.33m

Weir complex Grave;
inlet’s bed elevation NAP+5.37m
number of pools: 16

Ah
[m]

5.33
5.24
4.92
4.47
3.27
1.43
0.63
0.90

4h
[m]

1.25
1.15
0.82
0.70
0.53
0.36
0.46
0.28

Weir complex Linne; inlet’s bed
elevation NAP+17.30m
number of pools: 28

Upstream
water levels

NAP+20.86m
NAP+20.86m
NAP+20.85m
NAP+20.84m
NAP+20.81m
NAP+20.92m
NAP+20.85m
NAP+21.43m

Downstream
water levels

NAP+18.06m
NAP+18.16m
NAP+18.49m
NAP+18.61m
NAP+18.72m
NAP+19.09m
NAP+19.65m
NAP+20.56m

Weir complex Belfeld;

inlet’s bed elevation NAP+11.42m

number of pools: 20

Upstream
water levels

NAP+14.14m
NAP+14.14m
NAP+14.12m
NAP+14.07m
NAP+14.07m
NAP+14.89m
NAP+15.63m
NAP+17.06m

Downstream
water levels

NAP+12.18m
NAP+12.28m
NAP+12.61m
NAP+12.73m
NAP+12.97m
NAP+14.65m
NAP+15.57m
NAP+16.81m

Weir complex Lith
inlet’s bed elevation NAP+1.34m
number of pools: 28

Ah
[m]

2.80
2.70
2.36
2.23
2.09
1.83
1.20
0.87

Ah
[m]

1.96
1.86
1.51
1.34
1.10
0.24
0.06
0.25
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River’s
discharge
Qriver [m3/5]

Upstream
water levels

Downstream
water levels

Ah
[m]

Upstream
water levels

Downstream
water levels

25 NAP+7.69m NAP+6.13m 156 NAP+4.89m NAP+2.10m
<50 NAP+7.69m NAP+6.23m 146 NAP+4.89m NAP+2.20m
125 NAP+7.69m NAP+6.56m 1.13  NAP+4.90m NAP+2.53m
250 NAP+7.62m NAP+6.68m 0.94 NAP+4.90m NAP+2.65m
500 NAP+7.45m NAP+6.79m 0.66 NAP+4.90m NAP+2.78m
1000 NAP+7.40m NAP+7.01m 0.39 NAP+4.90m NAP+3.43m
1250 NAP+7.84m NAP+7.45m 0.39 NAP+4.12m NAP+3.98m
1627 NAP+8.50m NAP+8.16m 0.34 NAP+4.89m NAP+4.65m
Weir complex Borgharen
Table 44: Flow conditions for the vertical-slot fish passage at complex Borgharen
T M N N R M M M W R M
: _»;-, T T [ 5 08) 19 OE™ "X on 296 \il(isﬁt‘(‘

4h
[m]

2.79
2.69
2.37
2.25
2.12
1.47
0.14
0.24

Energy dissipation
requirement not

The flow conditions for the increased pool volume (Lpool = 7.5 m and Bpool = 3.5 m) is shown in

the Table 45

Table 45: Flow conditions for the vertical-slot fish passage at complex Borgharen with adjusted dimensions

Qriver Qeco Ah_totsl ¥ v c Bsiot Ah_pool Qpassage Qflap-gats aischarge ratwo v_avg t
fm3is] Im s} m  m [m] (] im) [m3s] im3is] %] fms] (W3]
0 25 50 533 650 126 07 075 0089 401 019 2565 89 087 14005
1 50 85 §24 650 135 07 075 0087 77 18) 26130 0487 12818
2 125 125 492 661 189 07 075 0.081 464 78 5903 094 Bso
k] 250 160 447 580 213 07 073 0083 442 1158 12 088 66 14
a 00 200 327 654 37T 07 075 0.061 374 1626 2302 078 2725
5 1000 200 143 654 513 o7 07s 0025 243 17 42 i’ 050 L1
G 250 200 053 656 593 07 0.7 o012 165 18.3% 298 033 130
! 1827 200 020 731 642 07 07s 0.017 220 &0 1238 040 228
Weir complex Linne
Table 46:Flow conditions for the vertical-slot fish passage at complex Linne
Gerenr Qeco Aa_total " " P ot Ah_pocs PERITERS) QMup gate dinchacps o v vy t
L] n3al fmi i (2} 2 il =l [LSR i) ™~ L L
’ b 50 1”0 156 are &) ors 2100 <N in Wow Lo Pt L
1 15 (1] N 4 1 2% 00 L am 188 . 1s
2 ) 128 2 M (1) " s 5084 18 "ww (1) 2¢ 8
3 % L L] 0 154 ™ re Lo P34 1188 LS ool e a
4 50 00 o 151 T4 s poT: 2 nn 1258 o e
0 Jne 0 a2 n L 04t ot e m ™ »
‘ 125 00 12 155 b L s | b4l 1 n» oM oM 40
? "’ a0 hRT 413 n pon 8 " L 184
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Weir complex Roermond
Table 47:Flow conditions for the vertical-slot fish passage at complex Roermond

Qrver Qaco Ah_tote Lo " ¢ Batot Ah_pow Gosssaps Qhap -pate Amchaige rabo v vy 3

fmiwg Imisg L L = | im3a) s ™~ WAl wml
L P2 °"° L2 am am o7 ars 0 18 1% o oo urns
L] 20 “" 1Y 200 oM 02 ors 2 008 19 n M 082 s
2 128 as R 200 Y0 07 ors o0l " nn ns o 4638
3 M "a am 20wy @2 ars LUs (r ) EE S E nr 181
“ 0 »ne LE] 103 L 0 ors 204 ow "o a0 08 2008
s 1090 x0 oM 200 1@ By o som on wa L) LY 008
L} 1240 0 o 21 3y W7 ors s (52 wn Lt 0% ALE L)
' e »e 028 37T e 02 ors 200 '» un 1] o4 e

Weir complex Belfeld
Table 48Flow conditions for the vertical-slot fish passage at complex Belfeld

Gerowr Qeca o _toted ¥y " e Bt A _poal Gpavesge Qhap gate Encharpe reto v '
3w Im3a) o m) ) L] m) =3 pnwg ™ [ma) )
[T T e ] Energy dissipation
1 £ ) 88 272 B85 07 275 009 [E7] g () 08 wWm n-quircmcnt not
: us 7s 19 27 119 er ars 007s mm " wn (1.3 w gqatishied
3 2% wo CETHE T R T ors 0087 180 1440 nor ops  e0m
. 500 20 119 265 155 ar 275 0058 148 " m CRA T T )
s 1900 00 0a¢ 24T AD ot ors 0012 214 "wa “w LY 187
. 2% no0 008 421 4 07 0 000 o84 %48 m ot o
' Wt 00 028 %84 38 0T on oo 147 EY) )] (3] i

The flow conditions for the increased pool volume (Bpool = 3.5 m) is shown in the Table 49.

Table 49:Flow conditions for the vertical-slot fish passage at complex Belfeld for the adjusted dimensions

Quiver Qeco An_total ¥0 o Bsiot  An_pool Qpassage Qfap.gate  discharge ratio v_avy 3

{m3s) im3's) fm]  m] m] {m] [m) [ms) [m3's] ™~ [mis]  [Wwm3)
] 2% 59 196 272 078 07 075 0058 198 102 0587 097 1479t
1 50 66 186 272 086 07 078 2003 193 447 110 095 1230
2 125 125 15t 270 119 07 075 2075 17 1077 1601 085 671
3 2% 169 134 265 131 07 075 9,067 100 1440 107 630 5078
¢ 500 200 110 265 155 07 75 2055 145 1855 7% 073 2%
5 1000 200 021 341 323 07 075 0012 0388 1912 62 034 24
6 2% 00 008 a4 415 07 ors o003 054 1948 278 01 025
7 1627 200 025 S84 339 07 075 0092 147 185 i 035 222

Weir complex Grave
Table 50:Flow conditions for the vertical-slot fish passage at complex Grave

Qrrens Qecn Ab_ it v " C st Ah_pout QGrareage QAN pae Anctage 1ate vy ‘.
owiul I3} il L) b= =l =] pulis] miv) ™~ Imal  Wm .
D m a8 Se 338 810 0F ats otn 14 v Frm o ] The valoe exceeds 150 W/mad,
1 s e Tt 2M uss o7 s o om 1) a9 2 0% e However, the difference is
2 o s TEE S R E N L ate aan 10 nar o s wa small, so the flow conditions
Y i ws 0 22 A W7 o 2088 o 1 " an  «n are considered satisfied
. e il L) i1tn 142 87 M 1000 o "ne s s nmn
. =206 00 EN 200 1 87 oS 9004 o C P ln [T T
. e ma » v 1m a7 am 10M nee mm an “a ‘s
’ Ty 00 e I I W ars son ™ o e e An
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Weir complex Lith

Table 51:Flow conditions for the vertical-slot fish passage at complex Lith

Qriver Owco A _totsl ¥ v Uast M _poal Ussrenge Utap gaw dincharge ratn v v .

[CT) i M m m) () ™ LU L] ~ sl (wond
0 H 50 an mm IY-C " 07-l 010 AL e ) L T
A » s . ) im ar omn ) 2% ‘e an e amn
? o () 2 b " T om oo e U nm kg "m mae
3 25 L1 s L) B LIE B o om0 b3 ues (k8 ) L1 L]
‘. 133 »o MM IS L 0ore s nwn 188 " %)
s %0 no 12 1M 1m 3 o2 004y 19 ww 1048 an ne
L] s No LRL) in s ar o 0908 L) " in " L1}
r “» no 8 W 1m a7 em 0w on " asT an '

Encrgy dissipation
requirement not satisfied

The flow conditions for the increased pool volume (Lpool = 6.0 m and Bpool = 3.5 m) is shown in
the Table 52.

Table 52:Flow conditions for the vertical-slot fish passage at complex Lith with the adjusted dimensions

Qreiver Qeco Ah_total yo vt c Bslot ah_pool Cpassage Qnapaa_n discharge ratio v_avg £

im3's) [m’s] im]  im] im] im] im] [m3is) [m3is) "] fmisj  [Wom3]
o PL) 50 2 355 071 07 07 0100 PX) i 10808 092 4110
1 80 68 269 365 088 07 ars 0006 258 404 6332 0356 12011
2 124 125 237 3150 116 07 07 0085 PR 10 2387 0 4
b ] 250 160 225 358 13T 07 075 0.080 235 1365 17.19 083 8338
4 500 200 212 356 144 07 075 0.076 228 1772 1285 0.as 5316
5 1000 200 147 356 208 07 075 0.053 190 1810 10.48 o 2174
a 1250 200 0% 278 264 07 075 0.005 045 1954 234 022 040
4 1627 200 024 355 331 07 075 0008 078 1924 87 029 02
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