


Propositions

1. Despite being hard infrastructure, longitudinal training dams should
be classified as a nature-based solution in river management.
(this thesis)

2. Details are essential in the division of sediment at channel bifur-
cations.
(this thesis)

3. Switching from a decimal to a duodecimal numerical system [An-
drews, 1935] is worth the trouble.
Andrews, F. E. (1935). New numbers: how acceptance of a duodecimal (12) base would

simplify mathematics. Harcourt, Brace & Company, New York.

4. The existence of a god is not irrational in strict scientific reason-
ing.

5. In the long run, the Dutch should be prepared to give up parts of
the densely populated coastal area.

6. Music provides a bridge between reason and our deepest emo-
tions.
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“
By the time it came to the edge of the Forest, the
stream had grown up, so that it was almost a river,
and, being grown-up, it did not run and jump and
sparkle along as it used to do when it was younger,
but moved more slowly. For it knew now where it
was going, and it said to itself, ‘There is no hurry. We
shall get there some day.’

A. A. Milne, The House at Pooh Corner (1928)”
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Preface

The quote of A.A. Milne on the previous page is taken from his second book

on Winnie the Pooh. This obviously makes you wonder what a teddy bear

has to do with this thesis, river research or river management. As Milne

describes in that specific chapter, Pooh explores the river by dropping a fir-

cone off a bridge, after which it emerges on the other side. Preliminary con-

clusions were that the travelling time varies depending on the cone prop-

erties and location of dropping. Like Pooh, I gradually started exploring a

river section by analysing the results of various measurements when I star-

ted my PhD research five years ago. With one peculiar addition that Pooh

could not foresee: since 2015, the Waal River (the Netherlands) has been

trained by longitudinal dams, as illustrated on the cover.

Zooming out to the river reach scale, my PhD research does also fit

Milne’s description of a river. In the beginning of a project, wild ideas

emerge, which gradually evolve towards a focussed goal-orientedworkflow.

It does not matter that problemswill occur on the way downstream, because

eventually the goal is reached.

This thesis covers experiments in a laboratory flume and field mea-

surements, spanning topics of practical and academic interest concerning

morphodynamics in a river trained by longitudinal dams. In some way, this

provides a proof of the truth in Milne’s quote: when studying rivers, a lot

can be learned from measurements. It might not always go fast, but “we

shall get there some day”.

Timo de Ruĳsscher

Wageningen, February 2020
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CHAPTER 1
Introduction

1.1 Historical context and motivation

For centuries, lowland rivers have been constrained by humans to confine

their path and fix their spatial extent, allowing people to use the fertile

grounds near the rivers with a reduced risk of flooding. The Netherlands—

located in the delta of both Rhine and Meuse—has a rich history in river

training, although initially only meant for very local protection of private

properties. This changed in 1872, when the first normalisation (i.e. mak-

ing the river fit to certain norms) was realised in the Dutch river system,

followed by a second normalisation in 1888, at which time one strived for

a width of the Rhine River of 360m [van Til, 1979]. These normalisations

were mainly realised by implementing groynes—stone structures perpen-

dicular or slightly oblique to the main flow direction—and were primarily

focussed on the discharge capacity of the river during flood waves and the

prevention of ice jams [van Til, 1979; van Heezik, 2008].

With the growing industrial activities in Germany and consequently in-

creasing ship sizes, there was need for a final normalisation round to keep

the river system at depth. For the Waal River—the main Rhine branch in

the Netherlands—this was realised in 1916, reducing the width of the river

to 260m. However, local problems remained. Examples are the sharp river

bends at the city of Nĳmegen and at the former fortress of St. Andries, where

an armoured bed layer was constructed to prevent erosion in the outer bend

[Franssen, 1995; Hombergen, 1995; Domhof et al., 2018]. These locations

have become increasingly shallow with ongoing bed degradation and sub-

sequent water level drop [Gölz, 1994; ten Brinke, 2005; Sieben, 2009]. This is

problematic for shipping, especially under low flow conditions. Moreover,

the flood events of 1993 and 1995 along the Rhine River increased awareness

1
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1. Introduction

Figure 1.1: Overview of the location of the longitudinal training dam (LTD) pilot
project in the Waal River (the Netherlands), with a zoom of the most downstream
LTD, which is the case study in this thesis. Courtesy of: Google (satellite image) and
Rĳkswaterstaat Oost-Nederland (photograph).

of flood risks, after which the ‘Room for the River’ program was initiated

to increase the discharge capacity without raising the embankments [Rijke

et al., 2012; van Vuren et al., 2015]. Within this innovative river manage-

ment program, several measures have been initiated, among which creation

of side channels, relocation of embankments and lowering of groynes.

Groynes—even when lowered—form a severe obstruction to the flow

due to their orientation perpendicular to the flow, which increases the wa-

ter level. This is especially problematic during high discharges due to the

increased flood risk. Longitudinal training dams (LTDs) were proposed to

2
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1.2. Processes in fluvial morphodynamics

solve this and several other problems in the Dutch river system with one in-

tegral intervention. After several preliminary studies on local [Vermeulen

et al., 2014a] and regional [Huthoff et al., 2011] effects of LTDs were per-

formed, a pilot project was initiated in the Waal River [Eerden et al., 2011].

These dams replace groynes in the inner bend of the river, thus creating a

main channel with reduced normal width of 230m and a bank-connected

side channel (Figure 1.1). During high water levels, the crest of the LTD is

submerged, which is estimated to happen about 100 days per year. A sill in

line with the LTD defines the entrance of the side channel. During low wa-

ter levels, the water is largely confined to the main channel, effectively nar-

rowing the river (increased river depth), whereas during high water levels a

significant fraction of the discharge is conveyed by the side channel, effec-

tively widening the river (increasing discharge capacity and reducing flood

risk) [Eerden et al., 2011]. Moreover, LTDs counteract subsidence of the

river bed [Huthoff et al., 2011] and enhance the ecological value of the river

system, mainly in the side channels [Collas et al., 2018b]. An overview of

the general effects of LTDs compared to traditional river training (groynes)

is given in Table 1.1 [Huthoff et al., 2011; Eerden et al., 2011].

Although these general effects are known, knowledge gaps remain re-

garding the regulation of water and sediment division over the two chan-

nels and regarding details of flow patterns and bed forms in the proximity of

LTDs. The focus of the research presented in this thesis is therefore twofold.

We aim to understand the effect of LTDs on local flow patterns, side channel

morphology and bed form dynamics in the main channel (dunes and non-

migrating bars), and we assess the steering possibilities for discharge and

sediment division over the two channels separated by an LTD by varying

the side channel intake design. To do so, we zoom in on one specific side

channel intake: that of the most downstream LTD of the pilot project in

the Waal River, near the town of Ophemert (Figure 1.2). These LTD-specific

aims will be extended to the broader context of flow bifurcations, side chan-

nels, flow over submerged side weirs, and bed forms in sand-bed lowland

rivers.

1.2 Processes in fluvial morphodynamics

Although LTDs are a relatively new measure in the toolbox of river en-

gineers, we can learn a lot considering their similarity to more classical

situations in hydraulics. This section will provide an overview of existing

3
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1.2. Processes in fluvial morphodynamics

Figure 1.2: Aerial photographs of the area under study. Top: view in downstream
direction with the LTD of interest on the right bank. Bottom: zoom of the upstream
end of the side channel at the town of Ophemert, flow from right to left. Courtesy
of: Ruben Imhoff (top) and Rĳkswaterstaat Oost-Nederland (bottom).
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1. Introduction

knowledge about flow bifurcations and side channels, as well as on oblique

and side weirs. Finally, a section on subaqueous bed forms is included, be-

cause flow and morphological patterns are inseparably linked and influence

each other continuously. At the end of each subsection, knowledge gaps are

formulated in boldface.

1.2.1 Bifurcations and side channels

The point where a river diverts into two separate channels is called a bi-

furcation. The point at the downstream end of the bifurcation area from

whereon both channels are completely separated, is called the bifurcation

point. Most bifurcations are natural, for instance in alluvial fans, braided

rivers, fluvial lowland plains and deltas [Kleinhans et al., 2013]. However,

nowadays also many man-made bifurcations or flow diversions are con-

structed. Examples of man-made bifurcations are lateral outflow channels

(typically under an angle of close to 90◦), artificial side channels in river res-
toration projects, and side channels behind LTDs as studied in this thesis.

One of the main topics in studies on flow bifurcations is the division

of water and sediment over the two downstream channels. For lateral

outflow channels, the flow diversion has been experimentally studied by

Ramamurthy & Satish [1988] to obtain a theoretical model depending on

Froude number andwater level ratios between the up- and downstream con-

ditions. Implicit conclusions on sediment division were drawn using labor-

atory experiments [Neary & Odgaard, 1993] and a 3-D numerical model

[Neary et al., 1999] for a lateral outflow channel, where the main parame-

ters controlling the outflow appeared to be bed roughness and the fraction

v0/u0 (left in Figure 1.3). Here, v0 is a characteristic (width-averaged) velo-

city component into the lateral outflow channel, and u0 is a characteristic

velocity far upstream in the main channel.

Most bifurcations, however, have bifurcation angles much smaller than

90◦, and for the LTD side channels considered in this thesis we even ap-

proach the limiting case of a 0◦ bifurcation. For bifurcations in general,

Wang et al. [1995] developed a 1-D network morphodynamic model result-

ing in the equation

Qs,1

Qs,2
=

(
Q1

Q2

)k (W1

W2

)1−k

, (1.1)

where Qi denotes water discharge, Qs,i volumetric sediment transport rate,

and Wi the width of downstream branch i (right in Figure 1.3). They con-

6
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1.2. Processes in fluvial morphodynamics

u0

v0

Q1
Qs,1 Q2 Qs,2

β

W1
W2

Figure 1.3: Left: schematic overview of a lateral outflow channel with typical up-
stream longitudinal velocity component u0 and transverse (width-averaged) velocity
component v0. Right: schematic overview of a bifurcating channel, with parameters
Wi , Qi and Qs,i of the Wang et al. [1995] model denoting width, water discharge and
volumetric sediment transport rate of downstream branch i. The bifurcation angle
is indicated with β.

cluded that, depending on the sediment transport relation (Qs ∝ un, with u a

typical flow velocity and n > 0 a parameter defining the power law), a bifur-

cation can be stable (k > n/3) or unstable (0 < k < n/3). From an extension

of this model, a symmetrical bifurcation appeared to be always unstable for

a small bifurcation angle, and one of the channels will eventually dominate

[Bolla Pittaluga et al., 2003], which is in line with secondary flow effects at

bifurcations [Bulle, 1926; Dutta, 2017] and in river bends [Dietrich & Smith,

1984; Blanckaert et al., 2013].

Thus, the water and sediment division at a bifurcation behaves non-

linearly, leading to asymmetry of the two-channel system. Moreover, asym-

metry of the grain size distribution between the two channels is observed,

which results from bend sorting upstream of the bifurcation, with coarser

grains in the outer bend [Dietrich & Whiting, 1989; Frings & Kleinhans,

2008]. This causes nodal point relations like Equation (1.1) to fail at low sed-

iment mobility [Frings & Kleinhans, 2008]. The flow structure and division

pattern likely stabilise river bifurcations under a wider range of conditions

due to formation of counter-rotating vertical circulation cells upstream of

the bifurcation point [Thomas et al., 2011; Marra et al., 2014]. Finally, a bed

7
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1. Introduction

level step at the entrance of a bifurcating channel can act to stabilise the

system, as only the top water layer with low sediment concentration enters

the side channel [Slingerland & Smith, 1998]. This is important for LTDs,

as a sill is present at the side channel entrance.

The stability of side channels depends on: bifurcation angle [Mosselman

et al., 1995; Bolla Pittaluga et al., 2003; Hardy et al., 2011; van Denderen et al.,

2018], bend sorting and therefore bend radius upstream of the bifurcation

[Dietrich & Whiting, 1989; Frings & Kleinhans, 2008], transverse bed slope

and asymmetry thereof [Hardy et al., 2011], length of the side channel [van

Denderen et al., 2018], vegetation [van Dijk et al., 2013], migration of alter-

nate bars [Bertoldi et al., 2009], and presence and location of non-migrating

bars [Le et al., 2018a,b]. The study of Van Denderen et al. [2018] is especially

relevant for the work presented in this thesis, as it provides diagrams relat-

ing side channel stability to bifurcation angle, relative side channel length,

relative importance of suspended sediment transport and location of a ho-

rizontal recirculation zone as parameters.

In this thesis, we interpret side channel stability at the intake sec-

tion of an LTD side channel—a new type of bifurcation—as stability

of the limiting case of a bifurcationwith near-zero bifurcation angle.

1.2.2 Flow over oblique and side weirs

Characteristics of flow over plain weirs, i.e. oriented perpendicular to the

flow, are generally well understood and well documented in literature [e.g.

Poleni, 1717; Bos, 1976; Boiten, 2008]. However, less general knowledge is

available on the discharge and flow patterns over weirs that are oriented un-

der a certain angle with respect to the main flow direction: oblique weirs,

and—in the limiting case of orientation parallel to the flow—side weirs (Fig-

ure 1.4). These side weirs are of importance to the case of LTDs, as a sill

parallel to the flow separates the main channel from the side channel dur-

ing low water levels, which acts as a submerged weir [Eerden et al., 2011;

van Linge, 2017].

The obliqueness of weirs has first been included in a weir equation in

which it increased the effective weir length compared to that of a plain

weir [Aichel, 1953]. Later studies extended the knowledge about energy

losses and discharge coefficients of oblique weirs by experimental studies

in laboratory flumes for different weir shapes (sharp crested, broad crested,

trapezoidal), hydraulic conditions and angle of obliqueness [de Vries, 1959;

Borghei et al., 2003; Wols et al., 2006; Tuyen, 2007; Swamee et al., 2011].

8
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1.2. Processes in fluvial morphodynamics

Figure 1.4: Schematic overview of streamlines in a channel with (from left to right)
plain weir, oblique weir and side weir. The dashed recirculation zone is only present
for some oblique weirs.

The flowwas observed to bend to a more weir-perpendicular direction (Fig-

ure 1.4), with sometimes even a horizontal flow separation cell behind the

most downstream part of the oblique weir [Tuyen, 2006].

The limiting case of sideweirs is significantly distinct from obliqueweirs

on at least one crucial aspect: a side weir necessarily coexists with a bifur-

cation of the flow, of which only a fraction eventually flows over the weir.

However, all the water needs to cross an oblique weir. A multitude of spe-

cific channel and weir shapes has been studied experimentally to obtain in-

formation on side weir discharge coefficients for sharp-crested or thin-plate

weirs [Collinge, 1957; Subramanya &Awasthy, 1972; Hager & Volkart, 1986;

Agaccioglu & Yüksel, 1998; Paris et al., 2012] and to a lesser extent for broad-

crested weirs [Ranga Raju et al., 1979; Swamee et al., 1994]. However, the

resulting empirical formulas are strictly limited to the experimental con-

ditions under which they were derived, which poorly represent large weir

lengths and large water depth to weir height ratios.

Most of the studies only deal with the dependency of the discharge

coefficient on the upstream flow conditions, whereas this is only valid for

free flow. For transitional and submerged flow, the flow conditions in the

side channel are of importance as well. Moreover, longitudinal variation

in Froude number is neglected, although this can be significant. The only

study that takes into account longitudinal variation in Froude number is

Hager [1987]. He reduced the discharge coefficient of a similar plain weir by

a correction factor that represents the lateral flow conditions (flow depth,

approach velocity, outflow angle, main channel contraction). For use un-

der submerged conditions, this theoretical model should be extended with

a submergence coefficient. This was only done in the report of Van Linge

[2017], based on Villemonte [1947] and Lee & Holley [2002].

9
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1. Introduction

There is a lack of laboratory experiments and field observations

revealing the spatial and temporal variation in flow patterns over

submerged side weirs. This thesis provides insight in flow and sedi-

ment transport over a submerged side weir separating the river from

a downstream parallel side channel.

1.2.3 Subaqueous bed forms

The main reason for studying subaqueous bed forms in fluvial hydraulics,

i.e. bed forms in rivers—apart from the local depth variations that can cause

problems for shipping—is the roughness that is generated as a result of tur-

bulence at the lee side of a bed form. This ‘form roughness’ adds to the

‘grain roughness’. The latter is directly exerted by grains on the flow and

scales with the sediment grain size [Einstein, 1950; Kamphuis, 1974; Gladki,

1975; Hey, 1979; van Rijn, 1984c]. To study form roughness, a plethora of

studies has been performed (1) on flow separation by using numerical mod-

els and flume experiments [Bennett & Best, 1995; Best & Kostaschuk, 2002;

Best, 2005; Paarlberg et al., 2007, 2009; Coleman & Nikora, 2011], (2) on

derivation of analytical formulations based on energy losses [Yalin, 1964b;

Engelund, 1966; Karim, 1999; Yalin & Da Silva, 2001; van der Mark, 2009],

and (3) on derivation of empirical formulations based on bed form charac-

teristics like dune height [Yalin, 1964a; Vanoni & Hwang, 1967; Engelund,

1977; van Rijn, 1984c, 1993; Lefebvre & Winter, 2016]. Here, we will focus

on the third method, as we are, beside bed roughness, also interested in local

(spatial and temporal) variation in dune characteristics.

To obtain dune characteristics, one of several dune predictors can be

used. Generally, dune height is supposed to scale with water depth [Yalin,

1964a], but more advanced dune height predictors also include grain size

[Julien & Klaassen, 1995], transport stage [Gill, 1971; Allen, 1978; van Rijn,

1984c; Karim, 1995], or Froude number [Gill, 1971; Karim, 1999]. Dune

length is mostly only supposed to scale with water depth [Yalin, 1964a; van

Rijn, 1984c; Julien & Klaassen, 1995].

Alternatively, to retrieve dune characteristics from ameasured bed topo-

graphy, a bed form detection tool based on a zero-crossing method [van der

Mark & Blom, 2007] is a widely used method to obtain dune height, length,

steepness and lee side slope. These dune characteristics from predictors

or measured bed topography can be translated to a form friction factor de-

pending on (1) relative dune height [Bartholdy et al., 2010], (2) relative dune

height and dune steepness [Vanoni & Hwang, 1967; Engelund, 1977; van

10
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Rijn, 1993; Soulsby, 1997], or (3) relative dune height, dune steepness and

lee side angle [Lefebvre & Winter, 2016].

Dunes do not always behave two-dimensionally as assumed above.

Based on crest line sinuosity, several measures for the three-dimensionality

of dunes have been proposed, as an extension to the two-dimensional dune

characteristics [Allen, 1968, 1969; Venditti et al., 2005]. Moreover, two-

dimensional dunes can have three-dimensional features [e.g. Dietrich &

Smith, 1984; Schmitt et al., 2007], such as crest lines that are tilted with re-

spect to themain flow direction. Theoretically, it was concluded that oblique

dune crest lines are a result of intrinsic instability of the dunes [Colombini &

Stocchino, 2012] and that the tilting can be predicted from dune-averaged

bed load sediment transport and average dune height [Sieben & Talmon,

2011].

Finally, it is well-known that dunes can coexist with bed forms on larger

spatial scales [Ashworth et al., 2000; Villard & Church, 2005; Wintenberger

et al., 2015; Rodrigues et al., 2015; Le Guern et al., 2019], although linear

stability theory predicts that dunes and (unsteady) alternate bars can never

coexist [Colombini & Stocchino, 2012]. In the case of the Waal River, the

large-scale bed topography is dominated by hybrid bars [Struiksma et al.,

1985; Duró et al., 2016]. These bars have their phase, (zero) celerity and

growth rate fixed by external forcing, in this case river curvature. Their

initial wavelength and attenuation length is governed by morphological in-

stability.

It is very likely that dunes and such forced, non-migrating bars

interact, yet no theory has been proposed for this phenomenon so

far. In this thesis, we provide a first step towards development of

such a theory by studying the one-way interaction of non-migrating

bars on superimposed dunes from a temporally and spatially exten-

sive and high-resolution field data set in the Waal River.

1.3 Experimental methods

Although numerical studies have gained wide popularity during the past

decades, field measurements and laboratory flume experiments are still in-

dispensable in hydraulic and morphodynamic studies. Measurement and

analysis methods are also improved to gain new knowledge and provide

even more accurate input for numerical models. In this section, an over-

view is provided of the most important measurement techniques—both in
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the field and in a laboratory setting—that are used throughout this thesis.

This provides an introduction to the combination of field and laboratory

measurements, used to answer the research questions described in the next

section.

1.3.1 Field measurements

In the past, flow velocities were mostly determined either locally, using

propeller measurement devices [Townsend & Blust, 1960; Carter & Ander-

son, 1963], or cross-sectionally averaged, using gauged weirs [Bos, 1976] or

electromagnetic flow meters [Shercliff, 1987; Michalski, 2000]. Nowadays,

however, flow velocities in rivers are mostly measured using acoustic tech-

niques such as acoustic Doppler current profilers (ADCPs) with multiple

beams [e.g. Simpson & Oltmann, 1993; Dinehart & Burau, 2005; Parsons

et al., 2005; Szupiany et al., 2007]. The sound penetrates the water column

and impinges on suspended particles. The frequency shift is used to eval-

uate flow velocity components along each of the beams, according to the

Doppler effect [Doppler, 1842], whereas the time interval between emis-

sion and retrieval is used to bin the measurements based on distance to the

instrument (‘range-gating’).

Not only vertical, but also horizontal ADCPs are used, for determina-

tion of horizontal velocity profiles and discharge estimation [Hoitink et al.,

2009; Sassi et al., 2011]. Although standard acoustic techniques are a huge

leap forward compared to more local flow-disturbing measurements, im-

provements are still being made. An example is the advanced processing of

moving boat ADCP-data for improved near-bed accuracy [Vermeulen et al.,

2014b], which is applied in this thesis.

The field of application of ADCPs is further extended towards measure-

ment of sediment transport. For measurement of suspended load sediment,

the acoustic backscatter signal of ADCPs has to be transformed to suspen-

ded sediment concentration using water samples [Deines, 1999; Holdaway

et al., 1999; Hill et al., 2003; Hoitink & Hoekstra, 2005; Sassi et al., 2012,

2013]. For measurement of bed load sediment the sound reflecting from the

bed is used and bed forms in consecutive time steps are compared [Rennie

et al., 2002; Rennie & Villard, 2004; Gaeuman & Jacobson, 2007].

For bed level measurements, it was common practice to use mechan-

ical techniques like point gauges [de Jong, 1992]. Since the first half of

the twentieth century, acoustic techniques have been replacing mechanical

techniques, mainly because the latter are very labour intensive and lead to

12
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poor spatial coverage of data. The principle is similar to that of acoustic flow

velocity measurements, only the information of interest is now packed in

the sound pulses reflected from the bed instead of from submerged particles.

Multiple types of acoustic bed level measurement techniques exist:

single-beam echo-sounding [Gallagher et al., 1996; Fisher et al., 2013], side-

scan sonar [Kenyon & Belderson, 1973; Mehler et al., 2018] and multi-beam

echo-sounding (MBES) [Parsons et al., 2005; Best et al., 2010; Eleftherakis,

2013]. The latter—consisting of a swath of multiple sound pulses aligned

perpendicular to the navigational direction—provides significant advan-

tages over the other two, providing a combination of high spatial resolu-

tion and a large spatial coverage in a relatively short time. This is especially

important when bed forms are propagating through the river.

In this thesis, we use thesemeasurement techniques to retrieve an exten-

sive dataset on flow velocities, suspended sediment and bed levels. Both ho-

rizontal and vertical ADCPs are used to gather detailed information on flow

velocity and suspended sediment transport. For bed level measurements,

a temporally and spatially extensive dataset from MBES measurements is

used.

1.3.2 Physical scale models

Although the use of numerical models in hydrodynamic and morphological

studies has grown tremendously over the past decades [Struiksma, 1985;

Lesser et al., 2004; Blom, 2008; Nabi et al., 2013a,b], physical scale models

are still widely in use. This is primarily because the parametrised calculation

of sediment transport in 3-D numerical models is still in its infancy and has

hardly any predictive value. The alternative, sediment transport calculation

based on resolving the full Navier-Stokes equations, is computationally too

expensive on a larger spatial scale. An additional difficulty in numerically

predicting morphological changes is that hydrodynamic and morphological

processes occur on different time scales.

One of the main issues when using physical scale models is scaling of

all relevant physical quantities. For ideal scaling three types of similarity

between model and prototype should be met: geometric similarity (same

geometrical shape), kinematic similarity (same shape of streamlines) and

dynamic similarity (same relative importance of forces).

Geometric similarity cannot always be met for two reasons. The vertical

scale is often exaggerated, because the horizontal scale is at least one order

of magnitude larger. Moreover, the sediment particles can in general not be

13
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scaled geometrically, which results in an erroneous representation of bed

roughness and mobility (no dynamic similarity). In general, scaling is per-

formed based on several non-dimensional parameters to achieve dynamic

similarity. These parameters are ideally identical to the ones in the proto-

type. Here we mention Reynolds number Re (ratio of inertia to viscosity),

Froude number Fr (ratio of inertia to gravitation), Shields parameter θ (ratio

of shear stress to gravitation), Weber number We (ratio of inertia to surface

tension), and interaction parameter γ (mobility of the bed).

For fixed bed experiments, scaling is primarily based on the Froude num-

ber, with the Froude velocity scale given by

NU = NC

√

Nh NS , (1.2)

where NX denotes the model scale factor of a physical parameter X (ratio of

prototype value tomodel value), U is a characteristic velocity, C is the Chézy

coefficient, h is the water depth and S is the bed slope [Frostick et al., 2011].

For mobile bed experiments with dominant bed load, scaling is primarily

based on the Shields parameter, with the ideal velocity scale given by

NU = NC

√

ND50
, (1.3)

where D50 denotes the median grain diameter [Frostick et al., 2011]. In gen-

eral, the ideal velocity scale for morphology will differ from the Froude ve-

locity scale, resulting in scale effects.

Scaling based on the Shields parameter generally results in a larger

Froude number in the model than in the prototype [Ettema & Muste, 2004].

Application of lightweight artificial sediment provides a solution, keeping

Froude number and Shields parameter in a reasonable range of their ideally

scaled values, while keeping the Reynolds number high enough to represent

fully turbulent conditions [Frostick et al., 2011; Boersema, 2012; Vermeu-

len et al., 2014a]. This method should be handled with care though, as it

increases, amongst other things, the capability of sediment to become en-

trained into suspension. Using this scaling approach, we were able to scale

the intake section of an LTD side channel properly, which is used in this

thesis to study the steering possibilities for discharge and sediment division

over the two channels separated by an LTD.

1.3.3 Bed level measurements in a laboratory flume

As for bed level measurements in the field, bed levels used to be measured

locally in flume experiments, using for instance a point gauge [Maclean,

14
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1991; Espinoza et al., 1996]. In the lab, this has an additional disadvan-

tage, namely that the instrument is often much larger compared to a typical

length scale of the experiment than is the case in field campaigns. Acoustic

instruments [e.g. Thorne &Hanes, 2002; Abad &Garcia, 2009; Hurther et al.,

2011; Naqshband et al., 2014; Muste et al., 2016] also have to be submerged,

disturbing the flow and hence the morphological evolution. Even optical

instruments are sometimes used while being submerged, to avoid reflection

and refraction effects at the water surface.

Bed deformation during the measurement is another issue. The spatial

gauging range of the measurement equipment is always limited, and hence

the measurement equipment needs to be moved during the experiment to

cover a larger area. Dunes migrate and deform while relocating the equip-

ment. Interrupting the flowing water is an option, though this is not fea-

sible for studies that require a high temporal resolution. Recently, a point

laser scanner has been used successfully in several studies to perform bed

level measurements from above the water surface during the experiment

[Stefanon et al., 2010; Visconti et al., 2010, 2012]. Some extensions towards

a line laser scanner—with a much larger spatio-temporal resolution—have

been used [Friedrichs & Graf, 2006; Peña González et al., 2007].

However, no detailed analysis has been performed on this new

technique, which is needed to minimise the measurement time and

thus the effect of displacement of bed forms during measurements

of bed topography. We provide such an analysis in this thesis.

1.4 Objectives and research questions

The goal of this thesis is to understand the processes governing flow and bed

morphodynamics in the region of the inlet towards a side channel separated

from the main river by an LTD, and to develop steering controls. This LTD-

specific goal is embedded in a broader framework to extend the knowledge

about LTD-type flow bifurcations, flow over submerged side weirs, and bed

forms in sand-bed lowland rivers. Based on this overarching goal and the

knowledge gaps identified in the previous sections (in boldface) we have

defined the following objectives and research questions. A schematic over-

view of the link between the various chapters and objectives is provided in

Figure 1.5.
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Field

Chapter 5: (large-scale) morphological effects

sedimentation

erosion

sill

flow direction

Field

Chapter 4: details of flow and sediment transport

Scale model

Chapter 2: method development

Chapter 3: steering of water and sediment

Figure 1.5: Overview of the connection between the chapters of this thesis.
Chapter 3 deals with the steering possibilities for division of flow and sediment,
for which a measurement and analysis method is developed in Chapter 2. Details
of the flow are studied in Chapter 4, and finally we zoom out to reveal the effect on
large-scale morphology in Chapter 5. Background image: the LTD pilot project on a
10 km stretch of theWaal River (the Netherlands), adapted from Eerden et al. [2011].

1. To improve rapid bed level monitoring using a line laser scan-

ner (Chapter 2)

A line laser scanner provides a way of non-intrusively measuring the

bed level in mobile bed experiments, covering the whole flume within

a limited amount of time. However, no detailed analysis has been

performed yet on the application of a line laser scanner for bed level

measurements during mobile bed experiments. We provide such an

analysis, by answering the following questions.

• Which corrections are needed in order to accurately measure

bed topography with a line laser scanner under flowing water

conditions in a laboratory flume?

• To what extent can LOcally weighted regrESSion (LOESS) help
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to improve the accuracy and coherency of bed level data mea-

sured under flowing water conditions?

2. To develop methods of controlling the diversion of water and

sediment into a side channel, by adjusting the upstream sill

geometry (Chapter 3)

LTDs in the Waal River pilot project are designed with a side channel

inflow opening that can be altered by changing a sill made out of rip-

rap (rock armour). We provide an analysis of the effect of changes in

the geometrical design of the inflow opening on the division of water

and sediment over the two channels downstream of the bifurcation

point.

• What effect does the geometrical design of a side weir at the

bifurcation of a channel have on the discharge distribution over

main and side channel?

• What morphological features characterise the intake of a paral-

lel side channel that bifurcates from a main channel?

• To what extent can the geometrical design of a side weir be used

to prevent silting up of a side channel?

3. To establish and understand the flow and sediment transport

patterns at the inlet of an LTD towards a parallel side channel

(Chapter 4)

No comprehensive study on the spatial and temporal variation in flow

patterns over submerged side weirs based on either laboratory or field

observations has been published so far. We provide insight in flow and

sediment transport over a submerged side weir in the specific case of

a parallel side channel, separated from the river by an LTD. Moreover,

we interpret side channel stability for this new type of bifurcation as

a limiting case of general bifurcations.

• How does the flow of water over a submerged side weir at a

bifurcation vary, both spatially and temporally?

• To what extent can the bifurcating flow pattern at an LTD side

channel intake section be predicted by a simple lateral outflow,

potential flow model?
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• Can sediment be transported over the sloping surface of a side

weir with downstream parallel side channel, both in suspended

and bed load mode?

4. To characterise dune dynamics in a lowland river and its de-

pendence on the underlying topography (Chapter 5)

It is very likely that non-migrating bars interact with dunes migrat-

ing over them, yet no theory has been proposed for this phenomenon

so far. We provide a first step towards development of such a theory

by studying the one-way interaction of non-migrating bars on su-

perimposed dunes from temporally and spatially extensive and high-

resolution field data in the Waal River.

• How do two-dimensional dune characteristics vary in space and

time in a sand-bed lowland river, and what are the governing

factors?

• What effect do non-migrating bars have on superimposed mi-

grating dunes?

• To what extent does construction of LTDs affect bed form dy-

namics?

1.5 Thesis outline

First, the line laser scanner that is used in the laboratory experiments

is examined in detail, together with a multi-dimensional filtering method

(Chapter 2). This new instrument provides high-resolution bed level data

within a limited amount of time without disturbing the water surface, even

under flowing water conditions. Secondly, laboratory experiments were

performed on the steering possibilities for water and sediment transport

over a side weir (Chapter 3). After studying the intake section of an LTD

side channel in detail under the controlled conditions of a physical scale

model, the scale of the experiment is increased to a field campaign at the

pilot experiment in the Waal River, the Netherlands (Chapter 4). Here, fo-

cus is put on the flow patterns of water and the transport capacity of sedi-

ment over a side weir and into the downstream side channel. As local hy-

drodynamics and morphological evolution are inevitably influencing each

other, the broader context of large-scale morphology is examined in terms

of dune dynamics and its dependence on the underlying topography (i.e.
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non-migrating bars) (Chapter 5). This results in an assessment of the effect

of LTD construction on bed form dynamics. Finally, the main objectives

and research questions as listed in the previous section are answered and

embedded in a broader context (Chapter 6). �
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CHAPTER 2
Bed level monitoring in a

laboratory flume

A newmeasurement method for continuous detection of bed forms in mo-

bile bed laboratory experiments is presented and tested. The device con-

sists of a line laser coupled to a 3-D camera, which makes use of trian-

gulation. This allows to measure bed forms during morphodynamic experiments,

without removing the water from the flume. A correction is applied for the effect of

laser refraction at the air-water interface. We conclude that the absolute measure-

ment error increases with increasing flow velocity, its standard deviation increases

with water depth and flow velocity, and the percentage of missing values increases

with water depth. Although 71 % of the data is lost in a pilot mobile bed experiment

with sand, still high agreement between flowing water and dry-bed measurements

is found when a robust LOcally weighted regrESSion (LOESS) procedure is applied.

This is promising for bed form tracking applications in laboratory experiments, es-

pecially when lightweight sediments like polystyrene are used, which require smal-

ler flow velocities to achieve dynamic similarity to the prototype. This is confirmed

in a mobile bed experiment with polystyrene.

This chapter is based on: de Ruĳsscher, T. V., A. J. F. Hoitink, S. Dinnissen, B. Ver-

meulen, and P. Hazenberg (2018). Application of a line laser scanner for bed form tracking
in a laboratory flume. Water Resour. Res., 54(3), 2078–2094. doi:10.1002/2017WR021646.
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2. Bed level monitoring in a laboratory flume

2.1 Introduction

In fluvial and tidal systems, bed forms like ripples, dunes and bars interact

with the flow [Allen, 1984; Seminara, 2010]. To study the mechanisms caus-

ing these interactions in a laboratory setting, measurement devices should

ideally not disturb the experiment and monitor the relevant physical para-

meters continuously, from the start of the experiment onwards.

Nowadays, numerical models are used extensively in hydro- and

morphodynamic studies, ranging from large-scale parametrised hydro-

and morphodynamic models [e.g. Struiksma, 1985; Lesser et al., 2004] to

more detailed process-based models for sediment sorting [Blom, 2008] and

particle-based sediment transport [Nabi et al., 2013a,b]. The predictive cap-

abilities of morphodynamic models, however, remain highly limited to date.

Because of the limitations of numerical methods to simulatemorphodynam-

ics, laboratory experiments remain important, both to gain insight in phys-

ical mechanisms and to validate numerical models. To study the develop-

ment and evolution of bed forms, continuousmeasurements of flow velocity

and bed morphology are necessary. The latter causes significant problems

under flowing water conditions, and different methods have been proposed

over the past decades.

Until recently, it was common practice to measure bed form characteris-

tics by using mechanical techniques like point gauges. Modern bed form

measuring methods for use on a laboratory scale can be primarily divided in

acoustic and optic techniques. Acoustic techniques [Thorne & Hanes, 2002;

Abad & Garcia, 2009; Hurther et al., 2011; Naqshband et al., 2014; Muste

et al., 2016] have the advantage that acoustic instruments can be used to

measure both flow velocities and bed profiles and that they can be used up

to large depths, even in the field [Simpson & Oltmann, 1993; Gaeuman &

Jacobson, 2007]. However, they need to be submerged, causing a distur-

bance of the experiment and increasing the minimal water depth needed in

experiments. Optic techniques can be divided in digital photogrammetry

[Lane et al., 2001; Butler et al., 2002; Aberle et al., 2009; Henning et al., 2009]

and monochromatic lasers [Friedrichs & Graf, 2006; Peña González et al.,

2007; Abad & Garcia, 2009; Huang et al., 2010; Visconti et al., 2012]. Optic

methods do not have the disadvantages mentioned above, but are limited to

small water depths due to visibility of the reflected signal, which is affected

by attenuation, refraction and scattering. This, however, is not a major is-

sue on a laboratory scale, as long as surface waves causing scattering and

changes in refraction are limited.
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Different laser-based techniques have been proposed in the past. Mono-

chromatic laser stripes [Huang et al., 2010] or sheets [Abad & Garcia, 2009]

captured by a camera are limited to small spatial scales or to a single tran-

sect, respectively. In the field, a hand-held laser scanner was used by Smart

et al. [2004] to determine bed roughness. On a larger scale, airborne lasers

for topographic mapping are long-known as Light Detection And Ranging

(LiDAR) [Krabill et al., 1984; Guenther, 1985]. Measurements with similar

methods for laboratory experiments have been performed with point laser

scanners for dry-bed [Yeh et al., 2009], still water [di Risio et al., 2010] and

flowing water conditions [Visconti et al., 2012], providing bed level data in

a non-intrusive way during the experiment. Line laser extensions of this

method have been used by Peña González et al. [2007] (dry-bed and still

water) and Friedrichs & Graf [2006] (flowing water). As opposed to LiDAR,

laboratory laser scanners are also used to measure subaqueous topography,

which comes at the cost of additional errors and a considerable amount of

missing data.

Visconti et al. [2012] provide a thorough description of the use of a point

laser scanner for measuring bed profiles in laboratory experiments. Their

method consists of simultaneous continuous monitoring of the bed level

(using a point laser facing vertically downward, coupled to a CCD) and the

water level (using an ultrasonic level transmitter). Their study primarily

aimed at overcoming the difficulties of the use of this new measurement

approach, quantifying different sources of measurement errors and deter-

mining the accuracy of the method (after calibration and corrections), as it

was applied successfully in a practical way both in studying tidal systems

[Tesser et al., 2007; Stefanon et al., 2010] and fluvial systems [Visconti et al.,

2010]. A comparable method using a line laser was previously applied by

Peña González et al. [2007]. However, they only performed experiments

with still water and did not study the dependence of the measurement error

onwater depth in detail. Therefore, a thorough analysis of themeasurement

errors as done by Visconti et al. [2012] for line laser scanner applications

would be valuable for application in future mobile bed experiments.

In the present study, the full swath width of a line laser is taken into

account in order to assess the possibilities of a line laser scanner for con-

tinuous monitoring of bed forms during a mobile bed physical scale experi-

ment, without disturbing the flow. To improve existing data processing ap-

proaches, the application of a robust LOcally weighted regrESSion (LOESS1)

algorithm is tested that accounts for outliers and missing values due to scat-

tering at the water surface [Cleveland, 1979; Cleveland &Devlin, 1988]. Sec-
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tion 2.2 offers details of themeasurement principles, the line laser set-up and

the LOESS-based algorithm. In Section 2.3, the measurements are presen-

ted and the effect of applying corrections is illustrated. Section 2.4 discusses

problems and benefits of the use of this new measurement procedure. Fi-

nally, the experimental findings are concluded in Section 2.5.

2.2 Measurement principles

2.2.1 Set-up

Experiments were carried out at the Kraĳenhoff van de Leur Laboratory for

Water and Sediment Dynamics (Wageningen University & Research) in a

flume of 0.5 m × 1.2 m × 14.4 m (height × width × length) with facilities for

recirculation of both water and sediment. At the start of the flume, a stacked

pile of PVC tubes acts as a laminator of the flow to suppress turbulence.

The flume is equipped with an electromagnetic flow meter to monitor dis-

charge, and eight tubes on the left side of the flume (looking downstream),

coupled to stilling wells outside the flume. Each stilling well contains amag-

netostrictive linear position sensor to monitor water levels. Looking down-

stream, the right side wall of the flume was roughened with the intention

to create a transverse bed slope, to be studied in a future project.

The here proposed bed form measurement method consists of a line

laser and a 3-D camera with Gigabit Ethernet [SICK, 2012], both mounted

on a measurement carriage that can move on fixed rails along the flume.

The beam swath angle of the line laser is 50.0◦, covering a width of 419 mm

of the bare flume bottom at an installation height of 449 mm. This width de-

creases evidently when a layer of sediment is present. The projected laser

line is oriented perpendicular to the flow direction, and the camera is look-

ing under an angle (Figure 2.1). The bed profile is measured by means of tri-

angulation. Because of the limited width of the laser beam swath, multiple

parallel (partly overlapping) tracks are used to measure the whole width

of the flume, with along-track resolution ∆x. These tracks are schematised

in Figure 2.2, where the left two sketches indicate configurations used in

experiments without sediment, and the right two sketches indicate the con-

figuration used in experiments with sediment. Additionally, the overlap

1“The shortened name LOESS has a semantic substance. A loess (pronounced “lō' is”) is a
deposit of fine clay or silt along river valleys; in a vertical cross-section of earth, a loess would
appear as a narrow, curve-like stratum running through the section.” [Cleveland & Devlin,
1988]
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Figure 2.1: (a) The line laser scanner measuring a sawtooth profile. The red light
on the profile is the line emitted by the laser. (b) Overview of the experimental
set-up. Red lines indicate transmitted laser beams and yellow lines indicate reflec-
ted laser beams, measured by the camera. (c) Front view of the flume showing the
transmitted laser beams. (d) Vertical cross-section of the flume along L∗, with x∗ the
projection of x onto L∗, showing the reflected laser beams including the measures
used in Equation (2.4). (e) Top view of the flume.
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Figure 2.2: Tracks of the line laser scanner for the different experiments (with y-
coordinate of the laser indicated), including the overlap between the laser swaths
of different tracks. Configurations a) and b) are used during experiments without
sediment, whereas c) and d) indicate experiments with sediment without and with
water, respectively. Triangles indicate the roughened side wall and lines at the top
indicate the laminator (see Section 2.2.1)

between the tracks is indicated. In the rightmost configuration, it takes less

than five minutes (4′24′′) to cover the whole flume in this study.

Five consecutive series of experiments were performed, viz. measure-

ment of the bottom profile of (1) an empty flume, (2) a flume with still water

only, (3) a flumewith flowing water, (4) a flumewith a mobile bed consisting

of sand with a density of ρs = 2650 kg m−3 and a size of D50 = 0.719 mm and

D95 = 0.962 mm, and (5) a flumewith a mobile bed consisting of polystyrene

granules with a density of ρs = 1055 kg m−3 and a size of D50 = 2.1 mm and

D95 = 2.9 mm. An overview of the different runs during these experiments

is given in Table 2.1. As can be seen, in what is called the still water case,

discharge was kept at a minimum value of 3 L s−1, determined by the tech-

nical construction of the flume causing downstream leakage. In mobile bed

experiments, the bed profile changes during themeasurements. This is dealt

with by analysing one track at a time, and correcting for an average dune

celerity when comparing the results to consecutive dry-bed results.
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Table 2.1: Overview of the runs performed during the five experiments. The
columns consecutively show the experiment number, along-track resolution, pres-
ence of water, discharge, presence of sediment, (range of) mean flow velocity, (range
of) Froude number, number of runs, and the laser path (i.e. the path of the laser
scanner as illustrated in Figure 2.2). The runs within experiments 2 and 3 differ in
water level (Figures 2.5 and 2.6, respectively). For the runs with flowing water in ex-
periments 4 (sand) and 5 (polystyrene), the mean water levels are 11 cm and 10 cm,
respectively.

# ∆x water Q sed. u Fr runs laser
(mm) (L s−1) (m s−1) path

1 1 × — × — — 10 a

2 1 X 3 × — — 10 a

3 1 X 8 × 0.10 0.11 1 a
5 X 20 × 0.08–0.29 0.10–0.25 3 b
1 X 30 × 0.12–0.28 0.08–0.29 6 a
1 X 40 × 0.17–0.47 0.12–0.54 6 b
1 X 60 × 0.20–0.44 0.12–0.40 5 a

4 2 X 70 X 0.55 0.54 1 c/d
2 × — X — — 1 c/d

5 2 X 20 X 0.16 0.16 1 c/d

2.2.2 Calibration and corrections

Due to properties of the camera lens, deformations in the obtained image

occur. Also, perspective distortion occurs, dependent on the distance of

the bed from the camera and the angle under which the camera is looking

[SICK, 2012]. Both deformations are taken care of by an internal calibration

of the 3-D camera, converting the internal camera coordinates to real-world

coordinates. However, two additional corrections are needed: a background

correction (δb) and a refraction correction (δr), as described below.

The former of these corrections accounts for structural deviations in the

measured bed profile, asmeasuredwith high accuracy using both a ruler and

data points vertically under the laser device. To determine the background

correction, three consecutive steps were taken: (1) determining a best fit

of the flume bottom, (2) determining how much the measured bed level of

the laser scanner is off, (3) fitting this error to be used in measurements in

which the bed level is a priori unknown.
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The first step is achieved by fitting a second order polynomial through

the data points vertically under the laser (defined as y = ylaser) for a range

of x-values. This results in a best fit of the high-accuracy bare flume bottom

ẑ(x, y) = ẑ(y) = a1y2 + a2y + a3 . (2.1)

Secondly, a structural deviation of the measured height from the high-

accuracy flume bottom is defined as

ǫst(x, y) = z(x, y)− ẑ(x, y) , (2.2)

with z the measured bare flume bottom.

As a third and final step, this structural deviation ǫst is plotted against

the relative transverse position yrel, for each track in an empty flume. yrel

is a transverse coordinate that is fixed with respect to the measurement

carriage (origin at the right boundary of the camera window), whereas y and

y = ylaser (i.e. the transverse position of the laser in the flume) are fixed with

respect to the flume (origin at the right wall of the flume). The background

correction is then obtained from fitting a second order polynomial as

δb(yrel) = b1y2
rel + b2yrel + b3 , (2.3)

which is subtracted from the measured vertical position z. A visualisation

of this approach can be found in Figure 2.4, showing results for different

x-values, averaged over 10 measurements.

The purpose of the present study is to be able to track submerged bed

forms during the experiment, which requires a second correction (δr) taking

care of the refractions at the air-water interface. These refractions cause a

deviation in the transversemeasuring location and in themeasured bed level

(Figure 2.1c,d).

Based on the geometry shown in Figure 2.1, a formula for the refraction

correction is formulated as

δr =

[

1 − M

Ma

] [
L∗

tan [arcsin (sin θr/n)]
− Ma

]

, (2.4)

where M is the distance between the camera focal point and the water level,

Ma is the distance between the camera focal point and the apparent bed level

height (Figure 2.1d), n is the ratio of refraction indices of water and air, L∗

is the projection of the laser path on the bottom of the flume (Figure 2.1e),

and θr = arctan (L∗/Ma) is the angle of refraction. The correction δr is also

subtracted from the measured vertical position z of the bed to receive the

estimated level of the bed za = z − δb − δr.
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2.2.3 Statistical analysis

A statistical analysis of the experimental results is performed, focussing on

the results of the flowing water experiment in particular. For each run, the

residual error is calculated using

ǫ(x, y) = z(x, y)− zdry(x, y) , (2.5)

with zdry the dry-bed level. The mean (ǫ) and standard deviation (σǫ) of the

residual error are calculated over all data points, as defined by

X =
1

N

N

∑
i=1

Xi , (2.6)

σX =

√
√
√
√ 1

N − 1

N

∑
i=1

(
Xi − X

)2
, (2.7)

with N the number of data points per run. From these, the coefficient of

variation is defined as σǫ/ |ǫ|. The variables ǫ, σǫ and σǫ/ |ǫ| give an indica-

tion of the average overestimation of the bed level and its absolute and rel-

ative variation during one experiment, respectively. Moreover, correlations

between variables are defined using the Pearson moment-product correla-

tion coefficient, which for variables A and B is defined as

̺ =
1

N ∑
i

(
Ai − A

σA

)(
Bi − B

σB

)

. (2.8)

This coefficient is used to study the influence of flow velocity, water depth

and laser beam angle on the spread and the missing of data points in the

measurement of the bed profile. Lastly, to define a measure for the mea-

surement error during a specific experiment, a root-mean-square error is

calculated between bed level values with and without water as

RMSE =

√

ǫ2 =

√

(

z − zdry

)2
. (2.9)

The root-mean-square error is a function of the submerged and dry-bed

mean bed levels, the submerged and dry-bed standard deviations and

the Pearson moment-product correlation coefficient [Murphy, 1988; Gupta

et al., 2009] as

(RMSE)2 = (z1 − z2)
2 + σ2

1 + σ2
2 − 2σ1σ2̺1,2 , (2.10)

where subscripts 1 and 2 indicate the submerged and dry-bed measure-

ments, respectively.
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2.2.4 Data interpolation and outlier removal

Outliers andmissing data have to be corrected for inmobile bed experiments

by applying a smoothing and interpolation algorithm. Because of the irreg-

ularly spaced nature of the retrieved data, an algorithm that does not need

interpolation to a regular grid beforehand is prefered. A LOcally weighted

regrESSion (LOESS) algorithm [Cleveland, 1979; Cleveland & Devlin, 1988]

is an appropriate choice [e.g. Plant et al., 2002; Vermeulen et al., 2014a]. This

interpolation and smoothing method is based on a polynomial fit to the data

using weighted least squares. For each fitted value at (xk, yk) a fixed number

of nearest neighbours is taken into account (defined by a smoothing frac-

tion f of the total number of data points), with the weight decreasing with

increasing distance from (xk, yk). This makes it a clearly two-dimensional

method. The computational effort to apply a LOESS procedure can become

too high for a large domain. Therefore, the procedure is split in two con-

secutive steps. An initial data reduction operation is applied by projecting

the scatter data onto a regular grid, based on linear LOESS interpolation

[Cleveland, 1979]. A tricube weight function is used for this, choosing 50

nearest neighbours, and a grid with 10 mm spacing. Then, the same LOESS

procedure is repeated using gridded data, which is now feasible with a lar-

ger fraction of the gridded dataset. We choose f = .002, corresponding to

235 nearest neighbours. In both steps, the solution is obtained iteratively;

two and five iterations were needed to achieve convergence in both steps,

respectively.

In the remainder of this chapter, the terminology ‘not applying a LOESS

fit’ is used when only the first step is applied—which is almost equivalent to

interpolation of the data to a regular grid—unless explicitly stated otherwise.

The above parameter values are determined by applying different sets of

parameter values and optimising the Pearson moment-product correlation

coefficient (Equation (2.8)) between measured bed profiles in the dry-bed

and in the flowing water cases. Also, the processed bed profile was inspec-

ted visually. The resulting bed profile was insensitive to small changes in

LOESS parameter values. The nearest neighbours are determined includ-

ing an elongation parameter which aligns with the main dune dimension

to make sure that the dune crest is not smoothed out significantly. This

parameter, which value is again determined following the above approach,

makes the span of the LOESS fit elliptical instead of circular. The eccentri-

city of the elliptical span is ε = .87 and ε = .94 in steps (1) and (2), respec-

tively, with the semi major axis in the cross-flow direction.
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2.2.5 Validation

Whilst direct validation of the measured bed profile is possible in the case

of measuring the flume bottom or a fixed profile, this is cumbersome in mo-

bile bed experiments. In such experiments, the dry-bed profile at the time

of measurement is unknown. However, the final bed profile can be mea-

sured accurately under dry-bed conditions after the experiment. Only the

last complete scan of the flume under flowing water conditions is therefore

analysed. To a limited extent, the bed forms continue to migrate after the

last laser scan, because the flow in a flume cannot be stopped instantly. The

validation profile (i.e. the dry-bed profile) is adjusted to the situation during

the last swipe by shifting the bed morphology map using an estimated bed

form celerity, as determined by

x′i = xi − cb(tN − ti) , (2.11)

with xi the location of a dry-bed data point and x′i the manipulated location.

The property cb = ∆xcrest/∆t is an estimation of the bed form celerity, de-

termined from the shift of dune crests between flowing water and dry-bed

measurements (∆t being the time interval between start of the last measured

swipe with flowing water and the end of the flowing water experiment), and

ti is the measurement time of the ith data point (i = 1, . . . , N with N the total

number of data points covering the flume).

In addition to the above validation, the applicability of the LOESS fitting

algorithm on bed level datasets with both data gaps (i.e. missing values)

and measurement errors (i.e. data scattering around the dry-bed profile) is

studied. The applied method in this study for both cases is described below.

The spatial structure of data gaps (as a function of bed level) is deter-

mined by defining kmax regularly spaced bed level bins of width ∆z. The bed

level bins are schematically visualised in the left part of Figure 2.3. Now the

probability pk of a bed level value to be missed by the measurement device

is defined by the number of dry-bed data points in the kth bed level bin for

which the corresponding submerged bed level value is not measured, di-

vided by the total number of dry-bed level values in the kth bed level bin,

all along the last-measured track. The correction for bed form celerity of

Equation (2.11) is applied. From the probability mass function pk and the

dry-bed profile, Ns bootstrap samples are created, by generating a random

number n from a standard uniform distribution for each of the data points in

the dry-bed profile. If n < pk for the bed level bin corresponding to this data

point, the measured value is removed. The LOESS algorithm is applied to all
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bootstrap samples consecutively. Finally, mean and standard deviation were

determined, together with Pearson moment-product correlation coefficient

and root-mean-square error compared to the dry-bed profile (cf. Equations

(2.7)–(2.9)) and values before and after LOESS fitting are compared.

To determine the spatial structure of the residual error ǫ, a similar pro-

cedure is followed. Yet additionally mmax residual error bins of width ∆ǫ

are introduced (right part of Figure 2.3). Probability pk is replaced by the

probability pk,m that a bed level value in the kth bed level bin is measured

with a residual error in the mth residual error bin. Now pk,m is defined by

the number of dry-bed data points in the kth bed level bin for which the cor-

responding submerged bed level value has a residual error within the mth

residual error bin, divided by the total number of dry-bed data points in the

kth bed level bin, all along the last-measured track. The mathematical defi-

nitions of the bed level and residual error bins can be found in Appendix A.

z

ǫ

1

kmax

2

1 2

∆ǫ

∆z

mmax

Figure 2.3: Schematic illustration of the mapping of bed profile measurements in
bins. Left: only bed level bins (of size ∆z). Right: both bed level bins (vertical) and
residual error bins (horizontal, of size ∆ǫ).
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2.3 Results

2.3.1 Fixed bed experiments

No water

The results for measurements of the bare flume bottom are visualised in

Figure 2.4, where the colours indicate the four different tracks (each av-

eraged over ten measurements). The fit representing the high-resolution

flume bottom is indicated by the solid line. Each track shows a deviation

on the right-hand side, which residual error is corrected for by fitting Equa-

tion (2.3) (using a vertical setting of M + d = 449 mm at x = 1000 mm and

y = 500 mm). The obtained correction parameters ai and bi can be found in

Appendix B.

Still water

When water is present in the flume, laser refraction affects the results.

Therefore, the correction of Equation (2.4) is applied to ten different water

levels (lower graph of Figure 2.5) after applying the background correction.

Discharge is kept at a minimum value of 3 L s−1, determined by the tech-

nical construction of the flume causing downstream leakage. Because of

the refraction of laser light at the air-water interface, the distance between

laser and flume bottom is increasingly underestimated with increasing wa-

ter depth. Moreover, deviations increase towards the side of a track because
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Figure 2.4: Left: Height of the empty flume bottom for experiments 1 to 4, mea-
sured in four tracks. The solid black line indicates a fit through the data points
vertically under the laser, representing the high-resolution flume bottom.
Right: The residual error ǫ and the background correction δb, shown as a solid black
line, cf. Equations (2.2)–(2.3).
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Figure 2.5: Conditions during the ten runs performed under still water conditions.
Top: mean and standard deviation of the residual error. Bottom: water depth d and
percentage of missing values.

of an increasing travelling path of the laser light through water.

Mean and standard deviation of the residual error ǫ that remains after

corrections are shown in the upper graph of Figure 2.5. The percentage of

missing values per run are plotted in the lower graph of Figure 2.5, showing

an increase of missing values with increasing water depth.

Flowing Water

For measurement of the bare flume bottom with flowing water, the back-

ground and refraction corrections are consecutively applied as explained

above. The hydrodynamic conditions parametrised by water depth (d),

flow velocity (u), Froude number (Fr = u(gd)−1/2) and Reynolds number

(Re = udν−1, with ν the kinematic viscosity) are shown in the lower graph

of Figure 2.6. The resulting mean and standard deviation of the residual er-

ror and the percentage of missing values are shown in the upper two graphs

of Figure 2.6, respectively.
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Figure 2.6: Conditions during the 21 runs performed under flowing water condi-
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flowing water still water
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m
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Figure 2.7: Left four columns: Flowing water correlations between absolute mean
residual error (|ǫ|), standard deviation of the residual error (σǫ), coefficient of vari-
ation (σǫ/|ǫ|) and percentage ofmissing values, andwater depth (d), flow velocity (u),
Froude number (Fr) and Reynolds number (Re). Both the Pearson product-moment
correlation coefficient ̺ and the p-value are given. The latter is also reflected by the
grey-scale of the background and the former by colour and intensity of the regres-
sion line. Run 19 is excluded, due to the high percentage of missing values related
to a polluted pump. Runs 16 and 21 are omitted in the correlations with |ǫ|, σǫ and
σǫ/|ǫ|.
Rightmost column: Still water correlations between |ǫ|, σǫ, σǫ/|ǫ| and percentage of
missing values, and absolute deviation from the mean relative transverse distance
|yrel − yrel| (representing the laser beam angle). The 5 % largest values are omitted
in the correlation of σǫ/|ǫ| and |yrel|.

Correlations

In the left four columns of Figure 2.7, the correlation of the absolutemean re-

sidual error |ǫ|, the standard deviation σǫ, the coefficient of variation σǫ/|ǫ|
and the percentage of missing values with the water depth d, the flow ve-

locity u, the Froude number Fr and the Reynolds number Re are shown for

the flowing water experiment. These correlations reveal that the absolute

mean measurement error |ǫ| increases with velocity. Values of σǫ increase

with Reynolds number, or specifically both with water depth and with ve-

locity. The relative spread of the residual error, σǫ/|ǫ|, and the percentage

of missing values increase with depth. In calculating the correlations, run
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19 is omitted, due to 97.1% missing values. During this run with large data

losses, the sediment pump may have been clogged with sediment. If such

a situation occurs, and the plug of sediment releases, a situation may occur

that results in a large number of missing values because of a high suspen-

ded sediment concentration. Runs 16 and 21 are omitted in the correlations

with |ǫ|, σǫ and |ǫ|/σǫ, because of the disproportionally large values of σǫ.

The rightmost column of Figure 2.7 shows the correlation of the absolute

mean residual error |ǫ|, the standard deviation σǫ, the coefficient of variation

σǫ/|ǫ| and the percentage ofmissing valueswith the absolute deviation from

the mean relative transverse distance |yrel − yrel|. The latter is a measure for

the laser beam angle. It is shown that especially the spread in residual error

and the percentage of missing values increase with beam angle. The 5 %

largest values of the coefficient of variation are considered outliers, and are

therefore omitted in calculating the correlation.

2.3.2 Mobile bed

Performance of the LOESS procedure

Compared to the fixed bottom experiments discussed above, bed mobility

causes a large percentage of missing values (71 % on average over the whole

flume in the sand-bed case of the present study). Redundancy in the data

still allows to retrieve a workable and reliable bed profile, after application

of the LOESS algorithm.

An overview of the studied variables for the mobile bed experiments is

given in Table 2.2, viz. the mean and standard deviation of the bed level,

the Pearson moment-product correlation coefficient for the dry-bed profile

and the root-mean-square error, also based on the dry-bed profile. These

are obtained for ensembles of the original bootstrap samples, samples after

the first step of LOESS based gridding and samples after the second step

of the LOESS procedure. Each ensemble consists of N = 50 samples. As

an example, for each of the three situations depicted in Table 2.2 a cross-

section at y = 921 mm of one of the used profiles is shown in Figure 2.8,

illustrating the dry-bed profile, the bootstrap sample, the one-step LOESS

procedure and the two-step LOESS procedure of the bootstrap sample.

From Table 2.2 and Figure 2.8 it can be concluded that the root-mean-

square error after application of the LOESS procedure is significantly smal-

ler than 1 cm, whereas the dune heights are typically of order 3 cm to 4 cm.

Missing values mainly contribute to a slight increase of the measured mean

bed level (which is compensated for by the LOESS procedure) and a decrease
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Table 2.2: The effect of LOESS fitting on a bed level dataset with missing data
and/or scattered data on bed level statistics. Consecutive columns indicate mean bed
level, standard deviation of the bed level, correlation coefficient between the fitted
profile and the dry-bed profile, and root-mean-square error between the fitted profile
and the dry-bed profile. For each case an ensemble of 50 bootstrap bed profiles is
taken into account. For comparison the raw bootstrap ensembles (without applying
the LOESS fitting algorithm) are also shown.

LOESS z σz ̺ RMSE
(mm) (mm) (mm)

dry no −359.99 18.18 — —

gaps no −357.44 14.62 1.00 0.00

1st −359.79 17.23 .97 4.33

2nd −359.77 16.26 .95 5.78

scatter no −362.78 19.43 .78 12.85

1st −361.98 14.73 .93 7.32

2nd −361.67 13.39 .94 7.43

both no −360.35 17.19 .78 11.47

1st −361.74 14.46 .93 7.32

2nd −361.49 13.31 .94 7.47

in standard deviation of the measured profile (which is partly compensated

for by the LOESS procedure). Scattering of measured values mainly con-

tributes to a slight lowering of themeasuredmean bed level, a slight increase

in the standard deviation of the measured profile (which is largely over-

compensated for by the LOESS procedure) and a decrease in the correlation

coefficient (which is compensated for by the LOESS procedure). Overall,

the LOESS algorithm increases the correlation coefficient and reduces the

root-mean-square error at the cost of both a lower standard deviation (i.e.

flattening of bed forms) and a slightly lower mean bed level of the profile

(caused by data scattering).

Sand with flowing water

Despite the large percentage of missing values, the bed profile can still be re-

trieved with reasonable accuracy when a LOESS procedure is applied. This

is illustrated in Figure 2.9a, showing the LOESS fitted values of the bed as

measured under flowing water conditions at y = 881 mm (upper graph,
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Figure 2.8: Example at y = 921 mm of one of the profiles from a 50-profile bootstrap
ensemble. From top to bottom, bootstrap samples for the effect of missing data,
scattered data and both are shown.

black curve). Moreover, the dry-bed profile (retrieved after emptying the

flume and correcting for a mean bed form celerity of cb = 2.9 mm s−1) is

shown both with and without applying the LOESS algorithm (upper graph,

light and dark solid curve, respectively). Despite the large number of mis-

sing values (over 50 % on the transect used in Figure 2.9a), the Pearson

product-moment correlation coefficient between the LOESS fitted values

under flowing water conditions and the dry-bed profile is relatively high:

̺ = .798 and ̺ = .755 for the dry-bed profile with and without applying the

LOESS algorithm, respectively.

The lower graph of Figure 2.9a shows the difference between the LOESS

fitted bed profile under flowing water conditions and the dry-bed profile

with (light curve) and without (dark curve) application of the LOESS al-

gorithm. Vertical dashed lines indicate levels of σz/2 and σz of the unfitted
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(a) Flowing water

(b) Still water

Figure 2.9: (a) End of the flowing water situation of experiment 4. Top: Slice of the
bed profile at y = 881 mm, together with the dry-bed profile, corrected for bed form
migration during and after the last laser scan, both with and without application of
the LOESS algorithm. Bottom: The residual error of the bed profile measurements,
both with (light curve) and without (dark curve) application of the LOESS algorithm
to the dry-bed data. σ indicates the standard deviation of the raw bed level data on
the given transect. Right: Representation of the top figure in the (z, z)-plane.
(b) Still water situation of experiment 4 (emptying of the flume). Top: Slice of the
bed profile at y = 326 mm, together with the dry-bed profile (both with and without
LOESS applied). The water level is indicated by a black dash-dotted line. Bottom:
The residual error of the bed profile measurements, both with (light curve) and
without (dark curve) application of the LOESS algorithm to the dry-bed data. Right:
Representation of the top figure in the (z, z)-plane.
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2.3. Results

bed profile without water. On average, bed profiles are slightly underesti-

mated under flowing water conditions, but stay largely within σz from both

the LOESS fitted and the unfitted dry-bed profile.

To emphasise the deviations of the LOESS fitted flowing water values

from the dry-bed profile, the measured bed levels with flowing water are

plotted against those without water in the right graph of Figure 2.9a, both

with (light dots) and without (dark dots) applying the LOESS algorithm.

It is clear that deviations are larger for lower bed levels (in other words:

for increasing water depth). In addition to the Pearson product-moment

correlation coefficient, the root-mean-square error is shown, as defined in

Equation (2.9). It is slightly smaller for deviations from the LOESS-fitted

than for those from the non-fitted dry-bed profile.

The fact that correlation coefficients are significantly lower and root-

mean-square errors are significantly higher than in the bootstrap example of

the previous subsection, is mainly a validation problem and not a deficiency

of the measurement method, nor of the LOESS algorithm. The main cause

for these differences can be attributed to time aliasing, which occurs due

to the time it takes to cover the entire flume, averaging multiple snapshots

into one static dune field.

Sand with still water

During emptying of the flume after the flowing water experiment, the pro-

file was measured under still water conditions. Following the same ap-

proach as described above, the results are shown in Figure 2.9b. It is clear

that the LOESS fitted measurements with and without water coincide ex-

cellently, because of little missing values and limited scatter at the water

surface. Without application of a LOESS fit to the dry-bed data, the residual

error still falls mostly within a σz/2 band.

The right graph of Figure 2.9b shows small deviations from the bed-

profile under still water conditions from the dry-bed profile. For both situ-

ations, root-mean-square errors are small compared to the main bed form

sizes, with a significantly larger RMSE for deviations from the non-fitted

dry-bed profile.

Comparing sand and polystyrene

As a check of the results obtained in Section 2.3.1, i.e. |ǫ| ∝ u and percentage

of missing values ∝ d, a sand-bed experiment is compared to a polystyrene

measurement of the bed profile. Using polystyrene, small flow velocities
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Figure 2.10: Colour plot (showing unfiltered measured bed level) and longitudinal
and transverse bed profile along the black lines. For the profile data, blue dots indi-
cate raw measurements, whereas red curves show the LOESS fitted results. The top
half shows the results for experiment 4 (sand) and the bottom half for experiment 5
(polystyrene).
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and water depths suffice to create dunes that are dynamically similar to

those in prototype rivers [Vermeulen et al., 2014a; Naqshband et al., 2018].

As shown in Figure 2.10, the sand case (top) shows much more scatter and

more missing data compared to the polystyrene case (bottom).

2.4 Discussion

As shown in the previous section, the laser scanner detects the bottom of the

flume accurately even under flowingwater conditions, although the number

of missing values clearly increases with increasing water depth. For larger

depths, redundancy in the data can be exploited to estimate the complete

bed topography. Hereafter, the key aspects in the approach are discussed.

Strictly speaking, the correction parameters bi, which depend on the dis-

tance between the laser and the target measurement, should be determined

after each calibration of the camera. The maximum background correc-

tion max(δb) is about 1 mm. This is roughly an order of magnitude smaller

than the residual error for measurement of bed forms in a flowing water

experiment (Figure 2.9). Therefore, one may argue that for mobile bed ex-

periments, there is no need to apply a background correction and solely

a refraction correction should suffice. In experiments with polystyrene,

as described in Section 2.3.2 on page 41, deviations as large as shown in

Figure 2.4 have not been observed.

In a previous study on measuring bed forms with a vertical point laser

scanner, Visconti et al. [2012] found that the residual error increases with

increasing water depth. This is confirmed in the present study both for the

mean residual error ǭ and for its standard deviation. These correlations need

to be handled with care, as the number of data points (N = 20) is rather lim-

ited. It is expected that this is also highly dependent on turbidity—or con-

centration of suspended sediment—in the water column, as also suggested

by Vargas-Luna et al. [2016]. Turbidity, in turn, increases with increasing

flow velocity.

As surface waves in a laboratory flume roughly increase in amplitude

and wave number with increasing Froude number [Freeze et al., 2003], a lar-

ger measurement error is expected at higher Froude numbers. In the present

study the opposite is found, as the percentage of missing values decreases

with increasing Froude number. Yet, Freeze et al. [2003] evaluated much lar-

ger differences in Froude number, which mainly applied to measurements

in the supercritical regime. At the upstream end of the flume (left in Fig-
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ure 2.8), a structural underestimation of the bed level can be observed at

the dune crests. This may relate to a higher water surface roughness in this

region compared to downstream locations, leading to more scattering of the

laser light.

Despite the expected difficulties when measuring a mobile bed under

flowing water conditions due to scattering by sediment particles, increased

water surface roughness and spatio-temporal variability of the water depth,

the bed ismeasuredwith reasonable accuracy. This is a promising first result

towards future applications of dune tracking using a line laser scanner. This

is especially the case for measurements under still water conditions (Fig-

ure 2.9b), as these largely reduce the water surface roughness and remove

temporal variability of the water depth. When lightweight artificial sedi-

ments are used such as polystyrene as successfully used by e.g. Hentschel

[2007] and Vermeulen et al. [2014a], dunes start to develop under smaller

discharge and water levels, minimizing the error in the laser measurements.

This is indeed confirmed by visually comparing the results of a sand ex-

periment and a polystyrene experiment, with the latter under smaller flow

velocities and water depths (Figure 2.10). To give an indication of the mea-

surement error using the procedure described before, the RMSE should be

determined in each new experimental setting, similar to the right graphs of

Figure 2.9.

Time aliasing occurs as it takes time for the scanning device to cover the

entire flume. For the example presented in Section 2.3.2 this was roughly

corrected for based on a mean bed form celerity of cb = 2.9 mm s−1. This

approach is sufficient for the present purpose, as it results in an upper bound

of the error in the bed scans of the new method. An improved method of

processing the line laser data to a regular 3-D matrix of subsequent bed

topographies in the flume would be to extend the LOESS algorithm from

2-D to 3-D, in order to add the time dimension.

2.5 Conclusions

A line laser scanner offers the potential to replace existing bed form mea-

surement techniques, such as those based on acoustics and single beam

lasers. The highest accuracy of the new technique is achieved after applying

both a background correction and a refraction correction. In mobile bed ex-

periments, the former is negligible compared to the residual measurement

error.
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2.5. Conclusions

Flowing water conditions introduce a measuring error, especially for

larger water depths. An increase in the number of missing values with in-

creasing Froude number, established previously in the literature, is not con-

firmed in this study. Redundancy in the data allows to handle missing data

when using an appropriate filter.

Satisfying results are obtained in a pilot experiment with a mobile sand

bedwhere dunes and bars develop. When a robust LOcallyweighted regrES-

Sion (LOESS) procedure is applied to interpolate the scattered data points

void of outliers, an accurate, coherent bed topography is obtained. Bed

forms can be tracked during the experiment and there is no need to disturb

the flow while measuring, which is unavoidable when using acoustic tech-

niques. When lightweight sediment is used, like polystyrene, dynamic sim-

ilarity between the laboratory experiments and the field circumstances is

achieved under low flow velocities, for which the line laser approach works

best. �
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CHAPTER 3
Controlling water and

sediment diversion

As part of a general trend towards river management solutions that provide

more room for the river, longitudinal training dams (LTDs) have recently

been constructed in the inner bend of the Waal River (the Netherlands),

replacing groynes. LTDs split the river in a main channel and a bank-connected side

channel with a sill at the entrance. In the present study, a physical scale model with

mobile bed was used to study morphological patterns and discharge division in the

entrance region of such a side channel. Alternative geometric designs of the sill are

tested to investigate the controls on the diversion of water and sediment into the

side channel. After reaching a morphodynamic equilibrium, two bar features were

observed in the side channel under low flow conditions. An inner-bend depositional

bar emerged against the LTD, resembling depositional bars observed in sharp river

bends. A second bar occurred in the most upstream part of the side channel, next

to the sill, induced by divergence of the flow by widening of the channel and an

increasing flow depth after the sill, hence defined as a divergence bar. The morpho-

logically most active system in the side channel emerges for the configuration in

which the sill height decreases in downstream direction. For such a geometry, the

sediment that settles under low flow conditions is largely eroded during high flow,

reducing maintenance needs. A qualitative comparison based on a lab experiment

mimicking field conditions demonstrates the realism of the experiments.

This chapter is based on: de Ruĳsscher, T. V., A. J. F. Hoitink, S. Naqshband, and

A. J. Paarlberg (2019). Bed morphodynamics at the intake of a side channel controlled by sill
geometry. Adv. Water Resour., 134, 103452. doi:10.1016/j.advwatres.2019.103452.
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3. Controlling water and sediment diversion

3.1 Introduction

Traditionally, groynes have been widely used to fix the planform geometry

of lowland rivers, with the aim to keep the river navigable, and to prevent

ice jams [Przedwojski, 1995; Verheij et al., 2004; Yossef & de Vriend, 2011].

Groynes are known to have various side effects however, among which

erosion pits at groyne tips and a reduced ecological value in the riparian

zone due to shipping waves [ten Brinke et al., 1999; Collas et al., 2018b] are

the most severe. To improve the ecosystem services of the river system,

rivers are allowed more space within restricted boundaries [e.g. Rijke et al.,

2012; van Vuren et al., 2015], which has a proven positive effect on ecology

[van den Brink et al., 1993; Palmer et al., 2005] and mitigates climate change

effects [Giosan et al., 2014; Constantinescu et al., 2015].

Longitudinal training dams (LTDs) have been designed as a compro-

mise between purely nature-based solutions that favour ecological quality,

and hard engineering structures that ensure navigability. They serve as a

flood protection measure, secure the fairway depth for shipping and leave

enough room for ecological development [Havinga et al., 2009]. An LTD

is a groyne-like structure parallel to the river axis that splits the river in

a main navigation channel and a bank-connected side channel with a sill

at the upstream side. Due to its orientation parallel to the river axis, the

flow resistance is limited. This causes a lowering of the water level during

floods, which adds to flood-safety of the hinterland. During low discharges,

the flow is mainly restricted to the main channel. This effectively reduces

the width of the river, leading to larger water depths in the main channel,

which benefits shipping. Finally, LTDs are expected to limit bed degrada-

tion and to provide favourable ecological conditions compared to groyne

fields [Eerden et al., 2011; Havinga, 2016].

Although they have been present for years already in France (the Loire

River) and Germany (the Main, Rhine and Elbe Rivers), detailed studies on

the hydraulic and morphological effects of LTDs are limited. Recently, Col-

las et al. [2018b] showed that LTDs stabilise the flow behind the dam and

reduce the influence of ship waves, which creates favourable ecological con-

ditions. The ability of sediment particles to be transported into the side

channel likely depends on the sill side slope and the angle at which water

flows over the sill [Jammers, 2017]. In the presence of alternate bars in the

main channel, the two-channel LTD system is in general morphologically

unstable, although a stable configuration might be reached when the up-

stream end of the LTD is located close to the bar top [Le et al., 2018b]. In
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the latter case, cyclic morphological behaviour may emerge, even without

external periodic forcing [Le et al., 2018a].

The present work builds on prior work of Vermeulen et al. [2014a],

who—to the authors’ knowledge—were the first to experimentally study

LTDs. They based their physical scale model (scale 1:60) on a future pro-

jection of the Waal River in the Netherlands with prototype discharges of

1250 m3 s−1 and 4600 m3 s−1. The studied river section was a sand-bed low-

land river with particle size distributions characterized by D50 = 1.2 mm

and D90 = 2.0 mm. In the physical scale model, polystyrene particles were

used as a surrogate sediment with D50 = 2.1 mm, D90 = 2.9 mm and

ρs = 1055 kg m−3. Scaling was based on the Shields number, keeping the

Froude number close to prototype values. Vermeulen et al. [2014a] con-

cluded that local morphological changes near the intake of an LTD side

channel are expected to be limited. They also showed that the sediment

mobility is slightly overestimated by using polystyrene, but dune height

agrees well with corresponding prototype values, and fairway deepening

agrees well with the realised river narrowing by the LTD.

In this chapter, the physical model of Vermeulen et al. [2014a] has been

modified to match the design that has been built in the Waal River, the

Netherlands, in a pilot project downstream of the city of Tiel. On this loca-

tion, LTD side channels replace former groyne fields over a 10 km stretch in

the inner bends of the river, where a rip-rap bank is present instead of up-

stream groynes. The intake section of the side channel is chosen such that

it matches the location where in former times a natural side channel cut

into the floodplain (Figure 3.1). At about three quarters downstream from

the upstream end, a secondary opening with a sill is present in the LTD to

enable exchange of water between the two channels, even during low dis-

charges. In contrast to Vermeulen et al. [2014a], no upstream groynes are

constructed, and the entrance of the side channel is marked by a sill in line

with the LTD itself. The latter is also different from the studies by Le et al.

[2018a,b], who did not use any regulatory structure at the entrance of the

side channel, and used a thin plate to model the LTD.

Prior studies also assumed a free inflow side channel, adopting 1-D

[Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Bertoldi et al., 2009;

van der Mark & Mosselman, 2013], 2-D [Le et al., 2018b] and quasi-3-D

[Kleinhans et al., 2008] numerical models to explore bifurcation stability.

Those studies elaborated on simple hypothetical relationships for sediment

division [Wang et al., 1995]. The equilibrium discharge diversion to side

channels has been studied as a function of various geometrical parameters
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0 500 1000 1500 m

1815 2017

Figure 3.1: Prototype LTD in the Waal River, downstream of the city of Tiel. Left:
situation in 1815, where a natural side channel can be seen, which used to connect
to the river during floods where nowadays the entrance of the LTD side channel is
located. The arrow denotes the flow direction. Right: present situation of the study
area. Source of maps: Kadaster [2018].

by Van Denderen et al. [2018]. Detailed flow patterns have been analysed as

a function of various hydraulic and geometric boundary conditions [Hardy

et al., 2011].

In the present contribution, we add an upstream control mechanism to

the side channel system, in the form of a sill. We aim to unravel how the

geometry of this sill affectsmorphological changes and flowpatterns around

the side channel intake, which is important for navigability, ecology and

dredging efforts. We are in particular interested in (1) the morphological

effects of possible flow separation downstream of the side channel intake,

(2) themorphological effects of flow divergence at the side channel entrance,

and (3) the effect of the sill on the discharge division over the two channels.

The experimental set-up is described in Section 3.2, consisting of the

physical scale model and the measurement equipment used. Section 3.3 in-

troduces the applied analysis methods. The results are shown in Section 3.4,

addressing morphological changes, flow characteristics and the discharge

division. Thereafter, a comparison between lab and field results is provided
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in Section 3.5, followed by a discussion of the experimental findings in Sec-

tion 3.6. Finally, conclusions are formulated in Section 3.7.

3.2 Experimental set-up

3.2.1 Prototype

The LTD pilot in the Waal River [Eerden et al., 2011; Huthoff et al., 2011]

serves as a prototype for this scale model study. The Waal is a sand-bed,

mildly curved lowland river and the main branch of the Rhine River in the

Netherlands. Bed morphology is predominantly determined by sediment

transported in bedload mode, with typical particle sizes of D50 = 1.2 mm

and D90 = 2.0 mm. Flow velocities in the Waal are typically around U =

1 m s−1. Two characteristic hydraulic conditions were defined, consisting of

a mean water depth of d = 4 m (low flow) with a corresponding discharge

of Q = 1250 m3 s−1 and a mean water depth of d = 8 m (high flow) with

a corresponding discharge of Q = 4600 m3 s−1. The LTD at the location of

interest creates a side channelwith a typical width of 90 m on amain channel

bankfull width of 230 m. The cross-sectional profile of the prototype LTD

is a trapezoid with side slopes of 1:2.5, an upper base of 2 m width, and a

typical height of 6.5 m.

3.2.2 Physical scale model

The study’s experiments took place in a straight horizontal flumewith recir-

culation facilities for bothwater and sediment at the Kraĳenhoff van de Leur

Laboratory for Water and Sediment Dynamics (Wageningen University &

Research, the Netherlands). The flume measured 0.7 m × 2.6 m × 12.8 m in-

ternally (height × width × length). At the upstream end of the flume, a

stacked pile of PVC tubes served as a flow straightener to suppress large tur-

bulence generated by the inlet geometry. Inside the flume, we constructed

a scale model of an LTD with an upstream rip-rap bank (Figure 3.2), adjust-

ing the model of Vermeulen et al. [2014a]. A solid base was located between

the LTD and the rip-rap bank, where an adjustable gravel sill could be built

upon. The model was geometrically scaled from the prototype with a scal-

ing factor of nL = 60 in all dimensions. The model represented a width of

156 m and a length of 720 m in the prototype. A sediment layer of 20 cm

thick completely covered the solid base of the flume, only leaving the LTD

(9.2 cm in height), the rip-rap bank and the sill uncovered. By recirculat-
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Figure 3.2: Scale model of the entrance region of the prototype LTD, looking up-
stream. The main flow direction is indicated by the arrow. From top to bottom, a
rip-rap bank, the sill at the side channel entrance, and the LTD are visible. The sill
is bounded by x-coordinates Su and Sd.

ing the sediment in the flume, the total volume of sediment in the system

remained constant throughout the experiment.

Four alternative sill geometries at the LTD side channel intake were

studied (Figure 3.3): (A) a uniform, low sill height, (B) a downstream increas-

ing sill height, (C) a downstream decreasing sill height, and (D) a uniform,

elevated sill height. We chose these geometries to investigate the effect of

differences in total cross-sectional flow areas, through comparison of alter-

natives A and D, and lateral differences in cross-sectional flow area, through

comparison of alternatives B and C. The side slope of the sill was kept con-

stant at 1:2.5 as is the case in the prototype in the Waal River, although the

side slope plays a significant role in sediment transport over the sill [Jam-

mers, 2017]. Each of these geometries was studied under two hydraulic con-

ditions that were scaled from the earlier-mentioned low flow and high flow

prototype conditions. For each of the sill geometries, measurements were

carried out after reaching a morphodynamic equilibrium, defined here as a

dynamic equilibrium in which dune length in the main channel converged

to a constant value of typically 70 cm. Each high flow experiment was car-

ried out directly after the corresponding low flow experiment, again allow-

ing the system to reach a morphodynamic equilibrium.
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main flow direction

polystyrene

sill

height LTD crest

2.5 cm

A B

7.5 cm
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A2/B2

C1/D1

C2/D2
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Figure 3.3: Schematic side view representation of the sill geometries and water
levels used during the subsequent experiments along line segment SuSd (Figure 3.2).
The sill is shown in grey, and the water column in blue (low/high water level). The
LTD crest height is indicated by the dashed line as a reference.

To achieve dynamic similarity of both hydraulic characteristics and sed-

iment transport in the physical scale model, we used lightweight surrogate

sediment particles (polystyrene) with a density of ρs = 1055 kg m−3 and

typical sizes of D50 = 2.1 mm and D90 = 2.9 mm. Table 3.1 lists typical val-

ues for the hydraulic conditions and sediment characteristics. For details on

the underlying scaling method, we refer to Vermeulen et al. [2014a], who

extensively discussed the method and the different non-dimensional num-

bers.

3.2.3 Measurement equipment

To measure flow velocities, we used a Vectrino Profiler, which is a profiling

acoustic velocimeter [Nortek AS, 2013]. This device captures both mag-

nitude and direction of the velocity in vertical bins of 1 mm over a vertical

range of 3 cm and at a frequency of 50 Hz. The lower end of the vertical

range coincided with the initial bed level height (z = 20 cm), except on top

of the sill (z = 25 cm). Additionally, a point measurement of the bed level

directly underneath the instrument is retrieved. We chose the measurement
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Table 3.1: Typical hydraulic conditions for low and high flow experiments: dis-
charge Q, water depth d, characteristic flow velocity U, Froude number Fr, Rey-
nolds number Re and Shields number θ. All values are averaged over the interval
x ∈ [2000; 4000] mm in experiments B1 and B2, but are representative for the up-
stream conditions in all experiments. The lower part of the table shows characteris-
tics of the polystyrene granulate: median (D50) and 90th percentile (D90) particle size,
and sediment density ρs.

low flow high flow

Q (m3 s−1) 2.04 × 10−2 3.55 × 10−2

d (m) 9.68 × 10−2 1.46 × 10−1

U (m s−1) 0.14 0.15

Fr (−) 0.15 0.12

Re (−) 1.3 × 104 2.0 × 104

θ (−) 0.25 0.29

D50 (m) 2.1 × 10−3

D90 (m) 2.9 × 10−3

ρs (kg m−3) 1.055 × 103

period such that approximately one dune had migrated to minimise the ef-

fect of bed mobility on the results. The probe of the profiler did not disturb

the bed significantly, as the probe was located well above the bed. With

the gathered velocity data, we investigated flow patterns around the in-

take of the LTD side channel and estimated the discharge division over the

two channels. For the latter, the water level was also continuously mon-

itored at eight points along the side walls of the flume. For this purpose,

eight wall-bound tubes were coupled to stillingwells outside the flume, with

each stilling well containing a magnetostrictive linear position sensor. The

total discharge was continuously monitored using an electromagnetic flow

meter. Figure 3.4 gives an overview of the locations of velocity and water

level measurements.

In addition to flow velocities and discharge, we monitored bed topo-

graphy during subsequent phases of the experiment using a line laser scan-

ner. The use of a line laser scanner for bed level monitoring is a measure-

ment method in which the bed elevation is detected from the reflection of

light projected on the bed making use of a line laser and a 3-D camera, al-

lowing the bed level to bemeasured without disturbing the flow (Chapter 2).

The bed was scanned with an along-flow resolution of 2 mm and an aver-
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Figure 3.4: Locations of water level and velocity measurements shown on a grey-
scale background of the initial bed topography in experiment A1. Water level mea-
surement locations are indicated by black crosses. Velocity measurement locations
are indicated by blue circles (lowwater experiments, A1–D1), red pluses (high water
experiments, A2–D2) and a purple triangle (only C2 and D2). These velocity mea-
surements took 40 minutes per location, and were only conducted after a morpho-
dynamic equilibriumwas reached. Velocity measurements used for discharge estim-
ation are indicated by green dots. These velocity measurements took 3 minutes per
location.

age cross-flow resolution of approximately 3 mm, in eight parallel partly-

overlapping swipes. In this way, the initial dry-bed topography was deter-

mined, as well as the initial bed topography under still water and the final

bed topography. Because we are only interested in the final bed topography,

the flowwas stopped before measuring. This has the benefit of reducing the

measurement error due to perturbations at the free surface.

3.3 Analysis methods

3.3.1 Bed level change

To determine bed level changes from the measured bed level values, the bed

level was interpolated to a regular grid bymeans of a LOESS algorithm [Ver-

meulen, 2016] (Chapter 2). Now the bed level change ∆zb per horizontal

cell was obtained according to

∆zb(x, y) = zb,final(x, y)− zb,0(x, y) , (3.1)

with zb,0 the initial bed level. From this, the cumulative sedimentation for

the side channel was calculated by summing over all bed level cells in the

side channel. This results in

∆Vside = ∑
x≥4000 mm
y≤950 mm

∆zb(x, y)∆x∆y , (3.2)
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with ∆x and ∆y the horizontal grid cell dimensions.

3.3.2 Flow velocities

Depth-averaged velocities

To analyse the measured flow velocities from the profiling velocimeter,

spikes were detected and removed using a bivariate Kernel distribution.

Thismethod has been extensively described by Islam&Zhu [2013], based on

earlier work of Duong & Hazelton [2003] and Botev et al. [2010]. Moreover,

only data points with a correlation of more than 70 % for all four trans-

ducers are maintained [Lane et al., 1998] and spatial cells with more than

50 % missing values are omitted in further analysis. The remaining velocity

data after applying the above steps were interpolated using a cubic Hermite

spline. For each velocity measurement point, the time series was averaged

over the 40 minute bursts, to average out turbulent fluctuations following

u =
1

T

T

∑
t=1

u , (3.3)

with u the velocity component along the x-axis and T the total number

of time steps. A depth-averaged velocity was obtained by integrating the

previous result over a vertical range [z1; z2] according to

〈u〉 = 1

z2 − z1

∫ z2

z1

u dz . (3.4)

Similar equations hold for the v and w components along y- and z-axis, re-

spectively.

Flow angle

The inflow of water into the side channel was studied in more detail using

the angle of the flow with the x-axis, calculated as

φ = arctan
(

− v

u

)

. (3.5)

The minus sign was needed to let φ > 0 indicate flow into the side channel.

For high water level experiments A2–D2, φ was calculated on top of the sill

(y = 888 mm). For low water level experiments A1–D1, this was not pos-

sible, due to limited water depth, and φ was measured in the main channel

(y = 1488 mm).
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Only velocity data points for which the normalised standard deviation

of velocity component v did not exceed an empirically determined critical

value of 0.7 were taken into account, to avoid misinterpretation of φ-values

due to negligible near-bed velocities. This normalised standard deviation

criterion was defined as
σv

|~u| < 0.7 . (3.6)

Discharge estimation

An estimation of the discharge in both main and side channel was obtained

by depth-integrating velocity component u measured over a spanwise line

and multiplying with the grid cell size ∆y as

Q̂ =
N

∑
n=1

[
∫ z2

z1

u dz

︸ ︷︷ ︸

I

+
1

2
(z1 − z0) u(z1)

︸ ︷︷ ︸

II

+
1

2
(zWL − z2)

(
u (z2) + û (zWL)

)

︸ ︷︷ ︸

III

]

n

∆y ,

(3.7)

with N the total number of grid cells in the spanwise direction. Term I is

the integration of time-averaged velocity u over themeasured vertical range

[z1; z2], term II is the integration of linearly interpolated velocities between

the lowest measured value u(z1) and u(z0) = 0 at the bed, and term III is the

integration of the linearly extrapolated velocity profile towards the water

surface zWL, using the upper seven vertical cells.

To relate the discharge division to the cross-sectional area over the sill,

this cross-sectional area was defined as

A = A0 −
∫ x2

x1

(zsill(x)− z0) dx , (3.8)

with reference cross-section A0 defined as

A0 = (zLTD − z0) (x2 − x1) , (3.9)

where [x1; x2] = [4000; 7950] mm, and zLTD is the height of the LTD crest.

3.3.3 Flow contraction

An often used method to define flow contraction is based on the quotient

µ of the flow cross-sectional areas at the location of maximum contraction
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and downstream of the contraction [Idel’chik, 1966; Hamill, 2001]. Because

the water level was only measured at a limited number of points, this is

not feasible in the present study. Therefore, an estimator was defined that

depends both on the angle of the flow in the side channel just downstream

of the LTD head and on the relative height of the bed level close to the LTD

in the side channel:

µ̂ = max

(
2φµ

π

)

× z590 − z0

h − z0

, (3.10)

where φµ = arccos (〈u〉/|〈~u〉|) denotes the angle between the depth-averaged

velocity vector and the x-axis, z590 is the mean bed level at y = 590 mm,

and h is the mean water level in the main channel. The maximum of φµ

was taken over the measured flow velocity measurement locations within

x ∈ [7985; 8985] mm and φµ was chosen such that φµ ∈ [−π; π].

3.4 Results

3.4.1 Morphological changes in the side channel

Sedimentation and erosion patterns in the side channel of the LTD configu-

ration showed large differences between the highwater level regime and the

lowwater level regime (filled contours in Figure 3.5). In addition, significant

differences are observed in patterns between alternative sill geometries. In

the following, we focus consecutively on persistent morphological features

including a depositional bar that developed downstream of the LTD head

(‘inner-bend depositional bar’), on a depositional bar in the most upstream

part of the side channel (‘divergence bar’), and on the cumulative sedimenta-

tion for the entire side channel. A schematic overview of these phenomena

is provided afterwards, in Section 3.6 (Figure 3.11).

Inner-bend depositional bar

In the low flow experiments (Figure 3.5), a depositional bar developed

against the slope of the LTD. The location and intensity of this region of

sedimentation depends on the geometrical characteristics of the sill. In

situations A1 (low uniform sill height) and C1 (downstream decreasing sill

height) the general form of the bar showed to be identical, although the sed-

imentation was more intense in case C1. For B1 (downstream increasing sill

height), the bar started approximately 1 m more upstream with the region

58



333

✡✠

✟
✠

☛
✡

☛✟

3.4. Results

of sedimentation extending over the width of the side channel. No sedi-

mentation occurred in case D1, because the height of the sill was only just

below the water level. For cases A1–C1, the water flowed obliquely into the

side channel, creating a channel that curved around the above-mentioned

inner-bend depositional bar. Because of this, a region of erosion was created

against the flume wall. The longitudinal location of this erosion depends on

the angle of inflow, and therefore on the sill geometry.

During the high flow experiments, most of the deposited sediment was

eroded again, and the inner-bend depositional bar disappeared. Still, a small

region of sedimentation occurred against the LTD slope, but the differences

between experiments with alternative sill geometries were less pronounced.

Although the flow still curves into the side channel, flow velocities close to

the LTD in the side channel were now non-negligible, and quasi-parallel to

the LTD and the main channel flow (Figure 3.5, A2–D2).

Divergence bar

In the most upstream part of the side channel, next to the sill, a region

of sedimentation occurred driven by flow divergence. Hence we adopt the

term divergence bar for thismorphological feature. In the evolution towards

a dynamic equilibrium, this bar tilted under an increasing angle with the

sill, and shifted slightly upstream (not shown). Under the low flow exper-

imental conditions, there were remarkable differences between runs with

alternative sill geometries. First of all, the location of the divergence bar

was shifted more downstream for C1 (downstream decreasing sill height)

compared to A1 and B1. In addition to that—and similar to what was ob-

served for the inner-bend depositional bar—the deposition was spread out

over a larger area for B1 and was absent for D1 due to the limited discharge

into the side channel.

During the high flow experiments, the divergence bar hardly changed

for A2. For B2 the bar was diminished to its most upstream part, whereas for

C2 it completely disappeared. In terms of flow patterns, these differences

were reflected in an inflow over the downstream half of the sill for A2, and

over the upstream part of the sill for D2, eroding a deep inflow channel in

the latter case (Figure 3.5, A2 and D2). Geometries B and C can be seen as

intermediate stages between these two extreme situations, with geometry

C creating the most dynamic system in terms of morphological changes.

In the latter experimental set-up, a large inner-bend depositional bar and a

divergence bar were observed at low flow, whereas these were both almost

59



✡✠

✟
✠

☛
✡

☛✟

3. Controlling water and sediment diversion

60



333

✡✠

✟
✠

☛
✡

☛✟

3.4. Results

completely eroded under high flow conditions. Moreover, the main inflow

channel was shifted from close to the LTD head to a more sill-parallel inflow

over the upstream part of the sill.

Cumulative sedimentation

To quantify the net sediment import between the starting situation with

flat bed and the situation in morphodynamic equilibrium, the cumulative

sedimentation in the side channel is visualised in Figure 3.6. Hardly any

difference was observed in cumulative sedimentation between experiments

B and C, with a large sedimentation volume in the side channel under low

flow conditions, and a net erosive effect at the end of a high water period.

For A (low uniform sill height, i.e. large cross-sectional area over the sill)

there was always net sedimentation with respect to the initial flat bed. For

D (high uniform sill height, i.e. small cross-sectional area over the sill) net

erosion occurred under all circumstances, although at low enough water

levels, the flow through the side channel is weak, and erosion is negligible.

The most dynamic system in terms of sedimentation and erosion oc-

curred for intermediate flow cross-sectional areas over the sill, i.e. sill geom-

etries B and C. This is likely due to the divergence bar being situated next

to the downstream half of the sill (Figure 3.5), which renders the bar more

prone to erosion under high flow conditions.

3.4.2 Flow patterns

Flow contraction

Both an inner-bend depositional bar and a flow separation zone can give

rise to flow contraction at the entrance of the side channel just downstream

of the LTD head. To quantify this effect, Equation (3.10) was used to cal-

culate a flow contraction metric µ̂, which peaks in experiments A1 and C1

(Figure 3.7). This implies that under low water level conditions, the flow is

contracted downstream of the sill with geometries A1 and C1. High flow

Figure 3.5 (on facing page): Sedimentation (orange) and erosion (purple) pat-
terns with respect to the initial flat bed, overlaid on the scale model elevation (gray).
Red (blue) arrows indicate depth-averaged velocities over the top (bottom) 1.5 cm of
the measured vertical range. Velocities above the sill (y = 888 mm) are measured
higher in the water column. The bed level could not be measured in part of the main
channel in experiment D2 due to equipment failure.
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Figure 3.6: Cumulative sedimentation in the side channel for each experiment,
with respect to the initial flat bed. For each sill geometry, the difference in sedi-
mentation between the high and low water situations is indicated.
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Figure 3.7: Flow contraction metric µ̂ showing that flow separation is apparent in
the low flow experiments A1 and C1, both with a low sill height downstream. For
the high flow experiments, no flow separation in the horizontal plane was observed.

Figure 3.8 (on facing page): Flow angle φ with respect to the main flow direc-
tion in (x, z)-space, based on Equation (3.5), with the scale indicated by the horizontal
bars with length 0.02π or 3.6◦ (A1–D1) and 0.06π or 10.8◦ (A2–C2). A positive (neg-
ative) value indicates flow towards (away from) the side channel. Su and Sd mark
the upstream and downstream boundaries of the sill, respectively (Figure 3.2). Un-
der low flow conditions, the streamwise location x of maximum specific discharge
into the side channel is determined by the sill geometry. For a downstream decreas-
ing sill height (C1), flow enters more downstream. Under high flow conditions, the
angle was of equal magnitude along the entire sill and hardly varied with depth.
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experiments A2–C2 did not convincingly show this phenomenon, although

it is hard to draw conclusions on flow separation when no data from mea-

surements inside the separation zone are available. For experiments B1 and

D1, no reliable value of µ̂ could be determined, due to weak flow. For a

high enough sill with uniform height, like e.g. in situation D2, the morpho-

logical patterns suggest flow contraction in the side channel (lower graph

Figure 3.5). However, this could not be confirmed based on µ̂, because it

happened more downstream, outside the region where flow velocity mea-

surements were taken.

Inflow angle

As observed in Figure 3.5, the angle of the flow into the side channel varied,

depending on both sill geometry and water level. To take a more detailed

look at this, the inflow angle φ as defined in Equation (3.5) is shown in Fig-

ure 3.8 in (x, z)-space. For the low flow regime (A1–D1), the inflow angle

varied with the x-coordinate. In experiments A1 and B1, representing a low

uniform sill height and a downstream increasing sill height, respectively, the

inflow angle higher up in the water columnwas of equal magnitude over the

entire length of the sill. In experiment C1, where the sill height decreases

downstream, the flow angle increased in the downstream direction. This

indicates that the flow primarily entered the side channel over the down-

stream half of the sill, which is reflected by the sedimentation patterns in

Figure 3.5. The fourth plot, representing experiment D1, shows flow angles

close to zero, caused by the side channel entrance being almost completely

blocked by the sill.

For high flow conditions—when flow exchange occurs over the entire

length of the LTD—the inflow angle was of equal magnitude along the en-

tire sill (bottom three plots of Figure 3.8: A2–C2). Moreover, there were

hardly any differences between the alternative sill geometries, except for the

depth ranges. Although the inflow angle was mostly constant over depth,

it increased with depth at the most upstream part of the sill.

3.4.3 Discharge division

The cross-sectional area over the sill was not equal for the experiments,

which influenced the fraction of the total discharge flowing into the side

channel (Figure 3.9). This is relevant, because the water discharge division

over the two channels controls the morphological evolution in both main

and side channel. For the low flow experiments, the fraction of the discharge

64



333

✡✠

✟
✠

☛
✡

☛✟

3.5. Comparison with field pilot

A=A0

0.3 0.4 0.5 0.6 0.7

Q̂
si
d
e
=(

Q̂
si
d
e
+

Q̂
m

a
in
)

0

0.1

0.2

0.3

0.4

A1

A2

B1

B2

C1

C2

D1

D2

Figure 3.9: Discharge through the side channel increases with increasing cross-
sectional area over the sill during the low flow phase. This proceeds from the dis-
charge division Q̂side/(Q̂side + Q̂main) as a function of relative cross-sectional area
over the sill A/A0 in experiments A1–D1. During the high flow phase (experiments
A2–D2), no significant differences are observed, due to flow exchange over the LTD
crest. Bars indicate the error based on the measured total discharge. The dashed
line denotes the division between increased fairway depth (river narrowing) and in-
creased discharge capacity (river widening) [following J. Sieben, pers. comm., 2018].

into the side channel increased with the cross-sectional area, as expected,

with river narrowing for low water levels and river widening for high water

levels. The side channel discharge fraction agrees reasonably well with val-

ues observed in the field [J. Sieben, Rĳkswaterstaat, pers. comm., 2018] and

in a numerical study by Huthoff et al. [2011], although a slight underestima-

tion is observed. There was no significant difference between cases B1 and

C1, which suggests that apart from the cross-sectional area, the geometry

of the sill did not influence the discharge division. In the high flow exper-

iments, there was no significant difference between the discharge division

over the two channels, related to flow exchange over the LTD crest.

3.5 Comparison with field pilot

To establish the realism of the experiments, a qualitative comparison was

performed between the final bed level of experiment A1 and bed level data

from multi-beam echo-soundings (MBES) in the field pilot. The sill at the

side channel intake has a uniform low height in the field, similar to the

situation in experiment A1. The MBES-measurements were performed on 7

February 2017, which is more than 15 months after completion of the LTD

pilot configuration. The total river discharge at Tiel (5 km upstream) was
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120 mm

270 mm

Figure 3.10: Qualitative comparison of bed levels from lab and field measure-
ments: both show the inner-bend depositional bar and the divergence bar in the
side channel, although location and intensity differ. Left: bed level from multi-beam
echo-soundings in the Waal River field pilot on 7 February 2017, with respect to
Amsterdam Ordnance Datum (NAP). Right: bed level at the end of experiment A1,
with respect to the flume bottom. The main flow direction is indicated by the arrow.
Source of background image: Google.

Q = 1448 m3 s−1, whereas minimum, mean and maximum discharge over

2017 were Qmin = 543 m3 s−1, Q = 1379 m3 s−1 and Qmax = 5088 m3 s−1,

respectively. The crest of the LTD was above the water surface during the

field measurements. At the side channel bank, however, remainders of old

groynes are present, which is different from the vertical flume wall in the

scale model. The presence of groyne remainders is reflected by the wavy

pattern of the shoreline. The river is mildly curved at the LTD section, with

the inflection point near the entrance of the side channel under study.

A qualitative comparison between the field pilot and experiment A1

shows that the main morphological features are well reproduced (Fig-

ure 3.10), but differences exist. The erosion pit at the side channel flume

wall is not observed in the field pilot. This may indicate that the erosion

pit is merely a flume wall effect, which does not occur in the field pilot due
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to the mild slope of the bank. A second explanation lies in the presence

of old groyne remainders, which stabilise the bank. Another discrepancy

between lab experiments and field pilot regards the divergence bar in the

most upstream part of the field pilot side channel, which is less pronounced

and located more downstream than observed in the scale model. In the

field pilot, less sediment is deposited against the side channel slope of the

LTD. The more pronounced sedimentation and erosion patterns in the scale

model side channel may be explained by the slightly exaggerated mobility

of polystyrene particles in the scale model [Vermeulen et al., 2014a].

3.6 Discussion

I
II

III

sedimentation

erosion

sill

flow direction

Figure 3.11: Schematic overview of the bed morphology at the bifurcation, high-
lighting (I) the inner-bend depositional bar caused by flow separation, (II) the di-
vergence bar, induced by widening of the river at the side channel entrance and an
increasing flow depth just behind the LTD sill, and (III) an erosion pit along the side
channel bank, which might result from the solid flume wall.

3.6.1 Inner-bend depositional bar

Figure 3.11 offers a schematic overview of the bed morphology in the inlet

region. For low discharges, flow contraction due to the inner-bend depo-

sitional bar occurs especially in cases with a low sill height near the LTD

(i.e. A1 and C1, Figures 3.5 and 3.7). This resembles flow separation in the

inner bend of rivers as described by Blanckaert et al. [2013], who observed
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a flow separation cell downstream of the bend apex. To better grasp the

flow separation and subsequent inner-bend depositional bar formation, an

additional experiment AB1 was performed, designed as a combination of

A1 and B1. It consists of a horizontal sill as in experiment A1, but with an

increasing sill height from 2.5 cm to 7.5 cm over the downstream 25 % of the

sill. In other words, the slope of the transition from the lowest part of the

sill to the LTD crest is 1:2.5, 1:10 and 1:40 for A1, AB1 and B1, respectively.

Analogous to Figure 3.5, the bed level differences of experiments A1,

AB1 and B1 are shown in Figure 3.12. While the inner-bend depositional

bar is present in all cases shown, the inflow angle is different, impacting on

the pattern of sedimentation and erosion downstream. This inflow angle,

denoted by the black line in Figure 3.12, is a measure of flow separation at

the bifurcation point. Flow separation intensifies with decreasing steepness

of the transition from the sill to the LTD crest (from A, via AB, to B). To

limit the amount of sedimentation in the side channel downstream of the

bifurcation point, a steep transition is desirable between the sill and the

LTD, as in configurations A and C.

3.6.2 Divergence bar

At the most upstream part of the side channel, a bar is formed caused by

the flow diverting into the side channel and over the sill (Figure 3.11, loca-

tion II). One could argue that the formation of this bar is analogous to the

formation of an inner-bend bar in case of flow bifurcation, for instance at a

side channel off-take. Kleinhans et al. [2013] and Van Denderen et al. [2018]

describe this phenomenon as development of a bar and scour zone, possibly

associated with a flow separation zone as described previously by Neary &

Odgaard [1993] for a 90◦ channel off-take. Although no direct velocity mea-

surements are performed in the triangle enclosed by the divergence bar, the

flume wall and the rip-rap bank (Figure 3.5), the absence of morphological

activity in this most upstream part of the side channel reflects the absence

of strong horizontal recirculation. A similar configuration was studied nu-

merically by Van Linge [2017] and Jammers [2017]. They did observe a

horizontal recirculation zone upstream in the side channel, but found no

sediment transport over the sill towards this zone [Jammers, 2017]. Thus,

the formation of the divergence bar is dominated by a divergence-induced

reduced flow velocity by 1) widening of the flow at the side channel en-

trance, and 2) increased water depth after the sill.

68



333

✡✠

✟
✠

☛
✡

☛✟

3.6. Discussion

Figure 3.12: From top to bottom, the slope of the sill to LTD transition becomes
milder, which causes a change in direction of the inflow angle (black line), while
retaining the inner-bend depositional bar. Filled contours indicate sedimentation
(orange) and erosion (purple) patterns. The elevation of the scale model is indicated
in gray: the darker the higher. Red (blue) arrows indicate depth-averaged velocities
over the top (bottom) 1.5 cm of the measured vertical range.

3.6.3 Sill design and discharge division

Simulations by Le et al. [2018a,b] suggest that for a free inflow LTD system,

eventually one of the two channels will close. This is undesirable, because

it makes the side channel unsuitable for recreational boating and results in

increased discharge and erosion in the main channel. The sill at the en-

trance of the LTD side channel shows to be an effective regulatory struc-

ture to prevent the side channel from closing. A downstream decreasing sill

height (configuration C) minimises the dredging efforts needed to keep the

side channel open in the long term, since much of the sediment deposited

under low flow conditions is removed during high flow. The discharge divi-

sion Qside/Qtot, which is an important driving parameter for morphological

evolution in both main and side channel, is well below the critical value of

0.27 in experiments B1–D1 (Figure 3.9). This critical value has been estab-

lished as the threshold between effective narrowing and widening of the

river after LTD construction. This value is scaled from the field value of 0.12

obtained from Rĳkswaterstaat [J. Sieben, pers. comm., 2018], based on 45 %
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of the normal width of the river being modelled [Boersema, 2012]. Because

the LTD is located in the inner bend of the river with the sill approximately

at the inflection point, the actual discharge distribution Qside/Qtot is under-

estimated in the scale model, which is located in a straight flume. This does

not undermine the above conclusions, yet even strengthens the statement

that designs B–D are preferred over design A in terms of discharge divi-

sion. Combining the effects of sill geometry on morphological evolution of

the side channel and discharge division over both channels, design C is a

promising sill geometry to be considered for field implementation.

3.6.4 Recommendations for future research

Although the present study provides clear insights in the morphological ef-

fects of horizontal flow separation downstream of the bifurcation at the side

channel intake, direct measurements of flow velocities in the flow separa-

tion cell could provide complementary insights on smaller scale flow pat-

terns and large coherent structures. In retrospect, using an ADV to meas-

ure flow velocities did not work out at some locations in the flume due to

the limited water depth. The water depth cannot easily be increased, be-

cause non-distorted geometric scaling is preferred due to the importance of

3-D flow patterns. This calls for the use of additional measurement meth-

ods to monitor flow velocities. In the physical scale model, Particle Image

Velocimetry could be used to detect coherent structures at the water sur-

face. Alternatively, 3-D numerical modelling and a field campaign in which

measurements are taken close to the LTD, using for instance an Acoustic

Doppler Current Profiler, could shed light on the detailed flow patterns in

this region. The latter is applied in Chapter 4.

3.7 Conclusions

In a physical scale model representing the entrance region of a longitudinal

training dam where a sill is constructed, persistent morphological patterns

are observed, which resemble field observations. An inner-bend deposi-

tional bar develops against the side-channel slope of the LTD, analogous

to the deposition in the horizontal flow recirculation zone in a sharp river

bend. This bar is largely eroded again during high flows. In the upstream

part of the side channel, a divergence bar is formed induced by divergence

of the flow where the river widens and the depth increases after the sill.
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3.7. Conclusions

Whether or not the divergence bar is eroded during high flows depends on

the geometry of the sill. Both bar types are also observed in a field pilot in

the Waal River. The degree of erosion or sedimentation in the side chan-

nel under low and high flow conditions largely depends on the geometry

of the sill, which is therefore a suitable instrument for regulating sediment

transport into the side channel. To limit the amount of sedimentation in

the side channel downstream of the bifurcation point, a steep transition is

desirable between the sill and the LTD crest. The discharge into the side

channel is primarily affected by the cross-sectional area over the sill, and

little dependent on other sill characteristics such as the longitudinal slope.

Overall, a downstream decreasing sill height (geometry C) is promising be-

cause of the balance between minimised net sedimentation effects in the

side channel and the required discharge division under low and high water

level conditions. �
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CHAPTER 4
Flow and sediment

transport patterns

A human-made entrance to a side channel separated from the river by a

longitudinal training dam can be considered a new, emergent type of

river bifurcation. To understand the processes controlling the diversion

of flow and sediment towards the side channel at such bifurcations, a comprehen-

sive field-monitoring programme was performed in the Waal River, which is the

main branch of the Rhine River in the Netherlands. Local processes govern the flow

field in the bifurcation region. The angle between the main river flow and the flow

into the side channel increases with decreasing lateral and longitudinal distance

to the bifurcation point, which corresponds to the head of the training dam. The

general flow pattern can be well reproduced with a uniform depth, potential flow

model consisting of a superposition of main channel flow and lateral outflow. For

submerged flow conditions over the sill, the side channel hydraulic conditions in-

fluence the exchange processes, yet free flow side weir theory describes the flow

field at this bifurcation type qualitatively well. The vertical flow structure in the

side channel, which governs the sediment exchange between the main channel and

the side channel, is steered by the geometrical details of the sill. The presence of the

sill structure is key to controlling the morphological stability of this type of bifurca-

tion given its primary influence on bed load sediment import and exerts an indirect

impact on suspended sediment exchange.

This chapter is based on: de Ruĳsscher, T. V., B. Vermeulen, and A. J. F. Hoitink

(2020b). Diversion of flow and sediment towards a side channel separated from a river by a lon-
gitudinal training dam. Water Resour. Res., 56(6), e2019WR026750. doi:10.1029/2019WR026750.
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4. Flow and sediment transport patterns

4.1 Introduction

Bifurcations in natural and man-made systems control the division of wa-

ter and sediment over the downstream branches. In nature, bifurcations oc-

cur in alluvial fans, braided rivers, fluvial lowland plains and deltas [Klein-

hans et al., 2013], whereas flow division in man-made systems occurs in

side-channel spillways [Bremen & Hager, 1989], in lateral outflow chan-

nels [Neary & Odgaard, 1993] and at the entrance of side channels [van

Denderen et al., 2018]. All these bifurcation systems have been extensively

studied to address their morphological evolution, which depends on the wa-

ter and sediment distribution over the two downstream branches. Here, we

study a new, emergent type of river bifurcation with a side weir: the en-

trance of a side channel separated from the river by a longitudinal training

dam (LTD) with a bifurcation angle close to zero and a rip-rap sill at the

upstream end of the side channel (Figure 4.1).

A bifurcation is classified as morphologically stable if both downstream

channels remain open over the timescale of a century. For typical bed shear

stresses in sand-bed rivers, symmetrical bifurcations are typically unstable,

and one of the channels will eventually dominate [Bolla Pittaluga et al.,

2015] as a result of the Bulle-effect: the curved flow forces a dispropor-

tionally large amount of sediment into one of the channels, which is a self-

enforcing effect [Bulle, 1926; Dietrich & Smith, 1984; Blanckaert et al., 2013;

Dutta, 2017].

Various stabilising mechanisms have been proposed for asymmetric bi-

furcations, of which we expect following mechanisms to possibly be of sig-

nificant importance at the entrance of an LTD side channel with upstream

side weir. A transverse bed slope directs bed load sediment transport to-

wards the lower channel [Bolla Pittaluga et al., 2003; Edmonds & Slinger-

land, 2008], or prevents sediment from being transported over a sill. Such

a sill acts as an inlet step, which can prevent sediment in the lower part of

the water column from entering an off-take channel [Slingerland & Smith,

1998; Kästner & Hoitink, 2019]. Abandoning of one of the downstream

channels is influenced by the bifurcation angle [Mosselman et al., 1995; van

Denderen et al., 2018], where a small-angle bifurcation is more likely to be

stable [Hardy et al., 2011]. For side channels where the bifurcating, smaller

channel reattaches to the main channel at a downstream location, the side

channel becomes increasingly dominant for decreasing relative side chan-

nel length [van Denderen et al., 2018]. The stability of parallel side channels

as created by longitudinal training dams appears to depend on the location
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river axis

side channel sill

z

yxφ

y

z

LTD

sill

4.3m

23.4m

z = 0.4m

1 : 2.5

Figure 4.1: Field campaign location, with main channel flow from right to left.
White dots indicate three poles, which will be used as spatial references throughout
this chapter. The sill is located upstream of and in line with the LTD. The inflow
angle into the side channel is denoted by φ. Inset: cross-section of sill and LTD in
the (y, z)-plane. Photo courtesy: Rĳkswaterstaat Oost-Nederland.

of the bifurcation with respect to the top of non-migrating bars [Le et al.,

2018a,b].

Flow patterns at high angle bifurcations with bifurcation angles close

to 90◦ depend on the Froude number and the water level ratio between the

main channel (upstream) and the lateral outflow channel [Ramamurthy &

Satish, 1988; Neary & Odgaard, 1993]. A horizontal flow separation cell

with accompanying sedimentation was observed both numerically [Neary

& Odgaard, 1993; Neary et al., 1999] and experimentally [Barkdoll, 1997].

Often, a sideweir is present at the entrance of such a lateral outflow channel.

Side weirs have been extensively studied regarding their effect on the water

level profile and discharge regulation [El-Khashab & Smith, 1976; Hager &

Volkart, 1986; Hager, 1987; Paris et al., 2012; Michelazzo et al., 2016], and

their discharge distribution is well described by empirical formulas [Bos,

1976; Lee & Holley, 2002; Paris et al., 2012]. However, the obtained results

are strictly valid for the experimental conditions under study, which are

mostly free flow conditions for short, high, sharp-crested weirs.

The detailed flow pattern in proximity to a side weir is not well under-

stood, but the angle between the main river flow and the flow direction over

the weir is thought to increase with (1) decreasing transverse distance to the

weir, (2) decreasing vertical distance to the weir, and (3) decreasing lateral

distance to the bifurcation point (Figure 4.2) based on free flow experiments
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4. Flow and sediment transport patterns

Figure 4.2: Schematic representation of the flow in a channel with a thin-plate side
weir under free flow conditions based on Hager [1987]. Lighter arrows are located
deeper in the water column and the black dot represents the bifurcation point.

[Hager & Volkart, 1986; Hager, 1987]. Hager [1987] is the only study taking

into account variations in the Froude number along the weir. However, for

quantitative application under submerged conditions, a submergence cor-

rection factor is needed for correction of the discharge distribution for plain

weirs [Villemonte, 1947], oblique weirs [Borghei et al., 2003] and side weirs

[Lee & Holley, 2002].

The bifurcation studied here, is characterised by a side channel separ-

ated from the river by an LTD with a sill at the upstream end of the side

channel. LTDs have been used as an alternative method of river training

in the Loire River (France), the Elbe River (Germany) and the Rhine River

(Germany). In the Netherlands, they have recently been introduced to im-

prove multiple river functions through one integral measure: increasing the

fairway depth during low water levels (shipping), decreasing the flood risk

during high water levels (flood safety) and improving the ecological value of

the river system (ecology) [Eerden et al., 2011; Huthoff et al., 2011; Havinga,

2016; Collas et al., 2018b].

Water and sediment division over the two channels can be steered by

adapting the geometry of the sill at the bifurcation (Chapter 3); however,

little is known about the spatial flow pattern at very low-angle bifurcations

with a sill at the side channel entrance. We do hypothesise however that the

flow pattern for the low-angle bifurcationwith a dike-shaped, broad-crested

side weir as present at LTDs qualitatively resembles the free flow over a

sharp-crested side weir (Figure 4.2) even without applying a submergence

correction factor. This presumption is strengthened by the observation

of a flow separation cell downstream of the side weir both in Chapter 3

(submerged side weir) and by Hager [1987] (free-flow side weir). Even less

is known about suspended and bed load sediment transport associated with
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4.2. Methods

the flow over submerged side weirs, although it is of crucial importance

for side channel stability. We expect the sediment transport, in analogy

with the flow, to depend on the geometrical properties of the weir (length,

side slope, height) and the morphological stability to be reasonably well

described by side channel and bifurcation stability theory [van Denderen

et al., 2018; Kästner & Hoitink, 2019].

In this chapter, we aim to understand the processes controlling the di-

version of flow and sediment towards a side channel separated from the

river by a longitudinal training dam. For this purpose, we provide a concep-

tual model for flow patterns in the bifurcation area (main and side channel)

based on field measurements, and we compare the flow patterns with res-

ults of an analytical potential flow model. We link the obtained results to

existing knowledge on side weirs and bifurcations at side channel entrances

to determine what mechanisms are dominant for flow and sediment trans-

port in the present case study. This can ultimately lead to better predictions

of flow and sediment diversion into LTD-type side channels. After introdu-

cing the study area and methods in Section 4.2, a data analysis of flow and

sediment transport is presented in Section 4.3, along with flow predictions

from a potential flowmodel. Section 4.4 provides a discussionwith feedback

to the hypotheses, coupled to results from the literature, where the relevant

processes are situated in a conceptual model. Finally, conclusions are given

in Section 4.5.

4.2 Methods

4.2.1 Study area

In the present study, we focus on longitudinal training dams (LTDs) in the

Waal River (the Netherlands), the main branch of the Rhine in the Nether-

lands. LTDs align with the main flow direction in the fairway, thus separ-

ating the main channel from a bank-connected side channel with a sill at

the bifurcation of the main and side channels (Figure 4.1). This sill aligns

with the river axis andmight therefore be considered as a broad-crested side

weir. However, for clarity, we will use the term ‘sill’ for the case of LTDs,

whereas the term ‘weir’ will be used in a more general context. During high

discharges (approximately 100 days per year), the water level exceeds the

crest height of the LTD.

We focus on the most downstream of three LTDs and the only one on
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the right side of the river. The side channel has a width of 90 m on aver-

age and the sill length is 244 m. Poles are located for navigational purposes

at both the upstream and downstream ends of the sill. A third pole with

measurement equipment attached is located at a distance of 66m from the

upstream end of the sill. These three poles will be consistently indicated as

black dots in the graphs throughout this chapter for geographical reference.

Earth coordinates (xRD, yRD) in the EPSG 28992 system have been rotated

and translated to a Cartesian (x, y)-system with the origin at the upstream

end of the sill and the x-axis aligned with the sill (Figure 4.1).

4.2.2 Field data

Flow velocities have been measured using an acoustic Doppler current

profiler (ADCP) attached to a vessel. Emitted and reflected sound pulses

from the ADCP are translated into water flow velocities, making use of

the Doppler effect. An overview of the measurement campaigns is shown

in Table 4.1, with accompanying flow characteristics in Table 4.2. Water

samples are only taken during the measurement campaign of 11/10/2018 in

themain channel and converted to thewhole 3-DADCPmeasurement reach

via linear regression with the ADCP backscatter strength [Holdaway et al.,

1999; Hill et al., 2003; Hoitink & Hoekstra, 2005]. For this, the volume back-

scatter strength Sv (in dB) is calculated using the sonar equation [Deines,

1999], following e.g. Hoitink & Hoekstra [2005] and Sassi et al. [2012],

Sv = 2α̂R + Kc (E − Er) + CS log10

(
TTR2

LPT
CT

)

+ C , (4.1)

in which R denotes the range along the beam axis to the scatterers (in m),

α̂ = 0.3323 dB m−1 is the attenuation coefficient, E is the echo strength

(in counts), Er = 40 counts is received noise, Kc = 0.45 dB count−1 is a

scale factor, TT is the transducer temperature (in K), L is the transmit pulse

length (in m), PT is the transmit power (in W), C is a constant (in dB),

CS = 10 dB and CT = 1 kg m K−1 s−3 to make the argument of the logarithm

non-dimensional. Afterwards, the suspended sediment concentration (in

mg L−1) is calculated from

SSC

mg L−1
= 10aSv+b , (4.2)

with a = 0.043 dB−1 and b = 2.891. The value of a is fixed based on field ex-

perience of the measurement company and closely matches the value found
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Table 4.1: Overview of the measurement campaigns performed in the study area,
including s(panwise) or ℓ(ongitudinal) orientation, water level zw at the city of Tiel
(5 kmupstream), submergence of the LTD crest, number of profiles Np, m(ain) and/or
s(ide) channel, and ADCP frequency f .

date orientation zw (m) LTD subm. Np channel f (kHz)

11/10/2018 s 2.2 × 9 m 600
14 s 1200

20/07/2018 ℓ 2.7 × 3 m 600
12/09/2017 ℓ 3.9 × 7 m + s 600
07/03/2018 ℓ 4.2 × 7 m + s 600
16/02/2018 ℓ 5.1 × 7 m + s 600
05/12/2017 ℓ 5.4 × 7 m + s 600
01/12/2017 ℓ 6.1 X 6 m + s 600
02/02/2018 ℓ 7.4 X 7 m + s 600

Table 4.2: Overview of flow characteristics for the measurement campaigns listed
in Table 4.1: total discharge Qtot, side channel discharge as a fraction of the total
discharge Qside/Qtot, typical water depth d and Froude number Fr. The latter two
are provided for up(stream), main channel and side channel conditions.

date Qtot Qside/Qtot d (m) Fr

(m3 s−1) up main side up main side

11/10/2018 683 0.18 3.5 3.4 2.4 0.15 0.15 0.10
20/07/2018 976 0.19 4.2 4.2 3.2 0.16 0.14 0.11
12/09/2017 1381 0.20 5.1 5.0 3.3 0.16 0.15 0.15
07/03/2018 1420 0.21 5.2 5.2 4.8 0.16 0.14 0.09
16/02/2018 1937 0.25 6.0 6.0 5.0 0.16 0.14 0.13
05/12/2017 2070 0.25 6.1 6.7 5.3 0.15 0.13 0.14
01/12/2017 2183 (from (Q, h)-relation at Tiel, 5 km upstream)
02/02/2018 3388 0.27 7.7 6.5 6.0 0.15 0.14 0.14

by Hoitink & Hoekstra [2005]. The value of b is obtained by linear regres-

sion of the data in (Sv, log10 SSC)-space.

Bed samples have been gathered using a Hamon grab [Oele, 1978;

Eleftheriou & Moore, 2013] on 24 and 27 November 2017 in the main and

side channels, respectively. Figure 4.3 provides an overview of the loca-

tion of longitudinal profiles (example shown: 16/02/2018) and lateral pro-
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Figure 4.3: Depth-averaged flow vectors over the lower (blue) and upper (red) half
of the water column. Measurements taken on 16/02/2018 at a water level at Tiel
of zw = 5.1 m. The dashed line indicates the river axis, and solid lines indicate the
measured cross-sections at 11/10/2018. Inset: location of bed samples of November
2017 (blue dots).

files (11/10/2018) along with the locations where bed samples were taken in

November 2017.

4.2.3 Analysis methods

Raw ADCP data were processed using the improved method of Vermeulen

et al. [2014b], implemented in the Matlab ADCPtools toolbox, allowing for

better retrieval of near-bed velocities. We corrected for ship velocity by

using a bottom-tracking algorithm. Using this method, we assumed that
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the bed did not significantly change during each of the measurement cam-

paigns, which appeared to be a valid assumption.

For the largest part of the water column, a logarithmic velocity profile

holds as a good approximation:

u =
u∗
κ

ln

(
z − zb

z0

)

, (4.3)

in which κ = 0.4 is the Von Kármán constant [von Kármán, 1930], zb is the

bed level, and z0 is a characteristic roughness height. In river hydraulics,

the characteristic velocity u∗ is set to be equivalent to the bed shear velocity,
although this strictly only holds for uniform 2-D flow [Smart, 1999]. Under

this assumption, the bed shear velocity u∗ can be determined from the slope

of the vertical velocity profile in (log10 z, |~u|)-space.
To examine the horizontal rotation of the flow, a coordinate transfor-

mation is first applied by rotation around the z-axis towards the direction

of the depth-averaged flow 〈~u〉 (x′-axis, Figure 4.4). This results in a ro-

tated velocity vector ~urot,da = (urot,da, vrot,da, w). The first two components

of ~urot,da represent the horizontal velocity in (x′, y′)-space: along and ortho-
gonal to 〈~u〉, respectively. The variation in vrot,da over depth defines veering

or backing of the flow velocity vector as

ωx′ =
∂vrot,da

∂z
< 0 veering (Figure 4.4) ,

ωx′ =
∂vrot,da

∂z
> 0 backing ,

(4.4)

assuming ∂w/∂y′ is negligible. In the present study, we applied a linear fit

in (vrot,da, z)-space to obtain a depth-averaged value 〈ωx′ 〉.
The bed sample data were fitted to a sigmoid curve in (log10 D, ps)-space:

ps =

(

1 + exp

[

−Sp

4
log10

(
D

D50

)])−1

, (4.5)

in which ps is the sieve throughfall fraction, D is the sediment diameter, D50

is the median sediment diameter, and Sp is the slope of the sigmoid curve at

D = D50. Sp and D50 were used as fitting parameters, and the 90th percentile

sediment diameter D90 was derived as

D90 = 104 ln 9/Sp D50 . (4.6)

A generally used criterion to judge whether sediment could go into sus-

pension is the quotient of the shear velocity and settling velocity, u∗/ws.
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〈~u〉

y

x y′
x′

z

vrot,da

veering

z

Figure 4.4: Coordinate transformation by rotation of x towards the depth-averaged
flow direction (top) and definition of veering of the flow as 〈∂vrot,da/∂z〉 < 0, where
vrot,da is the velocity component along the y′-axis.

The latter is defined as the terminal velocity of a falling particle. Various

critical values for u∗/ws are reported in the literature, including u∗/ws = 0.8

[Bagnold, 1966] and u∗/ws = 0.4 [van Rijn, 1984b]. Despite this range of

critical values, evaluation of u∗/ws still provides a good indication for the

onset of suspended sediment transport. The shear velocity is obtained from

a first order polynomial bisquare robust fit using Equation (4.3). The settling

velocity is determined using the method of Cheng [2009]:

ws =

√

4

3

ρs − ρw

ρw

gD50

Cd
,

Cd =
432

D3∗

(

1 + 0.022D3
∗
)0.54

+ 0.47
(

1 − exp
[

−0.15D0.45
∗
])

,

D∗ = D50

(
ρs − ρw

ρw

g

ν2

)1/3

,

(4.7)

in which ρs is the sediment density, ρw is the water density, g is the gravi-

tational acceleration, and ν is the kinematic viscosity.

4.2.4 Potential flow model

The analytical potential flowmodel for side channel outflow as discussed by

Kästner [2019] and Kästner & Hoitink [2020] is used in the present study.

They assumed a rectangular cross-section of themain channel with uniform

depth and represented the diversion as a rectangular section with the same
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width as the main channel. Neglecting friction and secondary flow, and

assuming a small Froude number and an infinitely long main channel (L →
∞), the following boundary conditions hold:

u(−∞, y) = u0 +
1

2

ws

w0

v0

u0
,

u(∞, y) = u0 −
1

2

ws

w0

v0

u0
,

v(x,w0) = 0 ,

v(x, 0) = v0 f ,

(4.8)

wherew0 is thewidth of themain channel,ws is thewidth of the side channel

inlet, f is the velocity profile across the inlet fulfilling
∫ ∞

−∞
f dx = ws, and

v0 is the velocity averaged across the inlet. The governing equation under

these assumptions appears to be the Laplace equation

∇2Φ = 0 , (4.9)

with the flow potential Φ determining the flow velocity as u = ∂Φ/∂x and

v = ∂Φ/∂y. Finally, an algebraic solution is obtained for the limiting case of

an infinitely wide channel (w0 → ∞) and a constant profile f = 1. In terms

of the normalised coordinates x̂ = x/ws and ŷ = y/ws this solution reads

u = u0

[

1 − α

2π
ln

(

x̂2 + ŷ2

(x̂ − 1)2 + ŷ2

)]

,

v = u0

[

− α

π
arctan2

(

−ŷ, x̂2 + ŷ2 − x̂
)]

,

(4.10)

where α = v0/u0 and arctan2 is the unambiguous two-argument arctangent

function.

4.3 Results

4.3.1 Flow of water over a side weir

Horizontal flow variation

The flow near the LTD is streamlined and two distinct features are observed

(Figure 4.5): an upstream horizontal secondary circulation cell (Figure 4.5a–

c) and a downstream flow separation zone (Figure 4.5a,b), when the water

level is below the LTD crest height. The upstream horizontal secondary cir-

culation cell decreases with increasing water level until it disappears (Fig-

ure 4.5d). The flow separation zone disappears when the water level exceeds
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Figure 4.5: Streamlines (blue curves) over the sill at the side channel entrance
with flow velocities averaged over the top half of the water column. The thick black
curves indicate the dividing streamlines, and black dots indicate navigation poles.
Four different water levels at Tiel (5 km upstream): (a) zw = 4.2 m (07/03/2018), (b)
zw = 5.1 m (16/02/2018), (c) zw = 6.1 m (01/12/2017), and (d) zw = 7.4 m (02/02/2018).
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y

x φ

Figure 4.6: Flow angle φ over the sill in the upper half of the water column versus
(a) longitudinal distance from the upstream end of the sill x and (b) transverse dis-
tance from the sill y.

the LTD crest height, effectively turning the LTD crest into a second sub-

merged weir, similar to the sill.

When the water level is below the LTD crest, the dividing streamline

is well defined, which is the streamline that separates the water ultimately

flowing into the side channel from the water that remains in the main chan-

nel (thick black curves in Figure 4.5). The location of the dividing streamline

does not significantly change for varying water level.

The angle φ at which water flows into the side channel (cf. Figure 4.1)

increases in the downstream direction, especially in the main channel (y >

0) and outside the upstream horizontal secondary circulation cell in the side

channel (Figure 4.6a). Close to the LTD head (x → 244 m or x̂ → 1), φ is

reduced to zero or negative values in the main channel, whereas values up

to 60◦ are reached in the side channel.

Spanwise, φ reaches its maximum at 5 to 10m into the side channel,

which is still on the plateau of the sill. Maximum values of up to φ = 70◦

are reached at the most upstream and downstream ends of the sill, whereas

maximum values of 40◦ to 50◦ are reached over the centre part of the sill

(Figure 4.6b). The large negative values in the most upstream part of the

side channel (x = 31 m and x = 69 m) are due to the presence of a horizontal

secondary circulation cell.

Figure 4.7a shows the inflow angle φ for the main channel longitudinal

profile closest to the LTD for different water levels. Minimal differences

are visible over the length of the sill (0 m < x < 244 m or 0 < x̂ < 1)
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Figure 4.7: (a) Longitudinal variation in flow angle φ in the upper half of the water
column for the main channel longitudinal profile closest to the sill. Various stages
of the hydrograph are shown. Dashed lines denote up- and downstream ends of the
sill. (b) Same as a, but including the estimate of φ over the sill from a potential flow
model [Kästner & Hoitink, 2020]. (c) Flow angle φ (blue) and water level zw (red)
versus time at 1 m above the LTD sill from H-ADCP data at x = 75.5 m (dotted line
in a and b). The thick magenta curve indicates LOESS-averaged φ with a filter span
of four days, for which correlation ρ with zw is shown.

because the variability of φ due to water level changes is masked by the

overall scatter. When water overtops the LTD crest, at zw = 6.1 m and

zw = 7.4 m, φ increases downstream of the LTD head (x > 240 m or x̂ > 1)

because the streamlines are less blocked by the LTD (see also Figure 4.5).

From H-ADCP measurements over the central part of the sill, it follows that

φ negatively correlates with the water level, so φ decreases with increasing

water level (Figure 4.7c).

Predictions from a potential flow model

Both the stationary behaviour of the dividing streamline and the form of

the pattern resemble an analytical potential flow pattern for side channel

outflow as described by Equation (4.10) [Kästner & Hoitink, 2020]. When
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Figure 4.8: Flow magnitude (colours) and streamlines for potential flow (Equa-
tion (4.10)) with the dimensions of the present case study, from top to bottom: main
channel flow without lateral outflow, lateral outflow component, and total flow pat-
tern, being the superposition of both. Green and red indicate inflow and outflow
boundaries, respectively.

applying the analytical model with the spatial dimensions of the current

case study, the resulting flow pattern is qualitatively similar to what is ob-

served in the field (Figure 4.8). However, the dividing streamline is at a

lateral distance of less than 20m from the sill, whereas this value is close to

50m in the field (Figure 4.5a,b). This finding is most probably caused by the

presence of the sill, which limits the flow cross-sectional area towards the

side channel. This feature is known to linearly decrease the side channel

discharge (Chapter 3).

The longitudinal variation in the inflow angle is reasonably well pre-

dicted by the analytical potential flow model. At the sill (y = 0), the outflow
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angle is described by

φ = arctan
(u

v

)

,

φ(y = 0) = arctan




α

1 − α
2π ln

(

x̂2/ (x̂ − 1)2
)





≈ arctan (α) +
4α2

(1 + α2)π

(

x̂ − 1

2

)

.

(4.11)

A first order Taylor expansion around x̂ = 1/2 is used for the approxima-

tion. This approximation corresponds to the linear increase in φ with in-

creasing x in the main channel close to the sill (Figure 4.7a,b). Although φ is

slightly underestimated, the phenomenon is qualitatively well reproduced

by this simple model. The non-linearised version of Equation (4.11) even

captures the sudden increase in φ as x → 244 m (x̂ → 1, close to the down-

stream end of the sill, Figure 4.6a). The variation in φ over the hydrograph

is not captured (Figure 4.7b,c).

Vertical flow variation

Apart from an increasing velocity away from the bed (Equation (4.3)), the

velocity magnitude |~u| in the side channel increases in the downstream

direction as a result of decreasing proximity to the bifurcation point (con-

tours in Figure 4.9a,c). To illustrate the cross-sectional velocity pattern over

the sill and in the side channel, the secondary velocity pattern (i.e., in the

plane of the cross-section) is shown in Figure 4.9b,d for cross-sections at

the halfway point and at the downstream end of the sill, respectively. An

inflow of water into the side channel is observed, as expected, although for

x = 113 m, close to the bed in the side channel, the flow is locally directed

towards the main channel (Figure 4.9b). This information hints at a ver-

tical secondary circulation cell, which is clearly not present at the shallower

cross-section more downstream (Figure 4.9d).

As observed from the flow velocity vectors in Figure 4.9a,c, veering

(clockwise rotation over height) of the flow velocity vector over depth is

also observed, with the flow higher in the water column being directedmore

into the side channel (see definition in Figure 4.4). Using the definition of

Equation (4.4) for ωx′ , backing/veering of the flow velocity vector is illu-

strated in a spatial sense in Figure 4.10. A clear veering effect is observed

at the side channel side of the sill, which decreases with increasing distance

from the sill. On the plateau of the sill, the effect varies in the downstream
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Figure 4.9: Two cross-sectional velocity profiles. (a) and (c): Absolute velocity
magnitude with velocity vectors (vrot,da, w) rotated towards the depth-averaged flow
direction (see Figure 4.4). (b) and (d): Signed velocity component in the cross-
sectional plane, red (blue) indicating flow into (out of) side channel, with velocity
vectors (vsec, w) in the cross-sectional plane.
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Figure 4.10: Spatial distribution of the depth-averaged vorticity component 〈ωx′ 〉.
Areas of backing (top flow rotated towards the main channel) are surrounded by a
solid contour. Horizontal solid lines indicate the edges of the sill plateau, with the
side channel on the lower half of the graph. Small dots indicate velocity cells used
for integration, and large dots indicate existing navigation poles.

direction from close to zero via veering to backing, with the largest backing

at the most downstream end of the sill and the largest veering in the centre

of the sill. The veering in the side channel is most likely a geometrical ef-

fect caused by sheltering of the lower part of the water column by the sill,

resulting in inflow only in the upper part of the water column and a more

LTD-aligned flow in the lower part of the water column.

4.3.2 Sediment transport over a side weir

Bed load sediment transport

From bed samples taken in 2017, the characteristic sediment diameters D50

and D90 were derived using Equations (4.5) and (4.6), as shown in Figure 4.11

and Table 4.3. There appears to be significant transverse sediment sorting,

with much finer sediment on the left side of the river, which is consistent

with earlier observations in the Waal River [Wilbers & ten Brinke, 2003;

Wilbers, 2004]. On the right side of the river, minimal differences are ob-

served between sediment particle diameters in the main and side channels.

However, significant fining occurs more downstream in the side channel.

In the main (side) channel, shear velocities u∗ are higher (lower) than

the critical shear velocity for initiation of motion u∗,c over the depth range

where the logarithmic velocity profile of Equation (4.3) applies (Figure 4.12).

Thus, the very coarse sand of the bed can be transported as bed load in the

main channel but not in the side channel. This explains the sediment fining
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Figure 4.11: Sieving curves of the bed samples in the main channel (left Bl, centre
Bc, right Br) and the side channel (Bs), gathered on 24 and 27 November 2017, re-
spectively. Sample locations are indicated in Figure 4.3.

Table 4.3: Median and 90th percentile particle diameter of bed samples. Sample
locations are indicated in Figure 4.3.

D50 (mm) D90 (mm)

main left Bl1 0.785 1.81

Bl2 0.747 1.70

main centre Bc 1.00 2.69

main right Br1 2.17 6.18

Br2 2.25 6.40

side Bs1 2.48 5.88

Bs2 0.589 0.945

in the downstream direction. At the sloping surface of the LTD, the velo-

city profile does not obey the logarithmic equation near the bed. Here, the

velocity increases more rapidly with increasing distance from the bottom,

causing relatively large velocities close to the bed. As u∗ > u∗,cr and even

larger shear occurs near the sloping LTD surface, sediment is likely to be

transported in bed load mode over the sill.

Suspended load sediment transport

Due to the extremely low discharge at the time that water samples were

taken (11 October 2018), a uniform suspended sediment concentration of

SSC = 16 ± 2 mg L−1 has been measured for the water samples taken in

the main channel. Typical particle size characteristics are D50 < 16 µm and
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Figure 4.12: Logarithmic velocity profiles at (a) x = 31 m and (b) x = 113 m down-
stream from the upstream pole for different transverse distances. The slope of the
two black lines denotes critical shear velocities u∗,c for typical particle sizes near the
side weir.

D90 = 63 µm, indicating that the suspended sediment consists of coarse silt.

With calibration from ADCP backscatter, the suspended sediment concen-

tration is calculated over the 6 most upstream side channel cross-sections,

which extend partly over the LTD sill. Apart from slight local variation,

the suspended sediment concentration in the side channel is rather uniform

(Figure 4.13). Larger variations occur locally over the sill, and larger sedi-

ment concentration values are observed there in general.

The possibility of suspended sediment transport occurring locally even

for larger particles is confirmed by comparison of the shear velocity u∗ with
the settling velocity ws for D50 = 2.17 mm (main channel close to the sill).

For the main channel, we applied the fit to the upper part of the water

column, as the lower part is largely influenced by the sloping sill. For the

side channel, we applied the fit to the lower part of the water column, as

the upper part is dominated by the inflow of water over the sill. Both these

choices result in a lower bound for u∗ and hence for u∗/ws. In the main

channel and part of the side channel, u∗/ws > 1, and in most of the side

channel, u∗/ws > 0.4, which is the limit for suspended sediment transport

according to Van Rijn [1984b] (Figure 4.14). Therefore, suspended sediment

transport likely occurs on the top of and on both sides of the sill even at

the very low discharge during the measurement day. However, the larger

particles found in the bed material are likely to settle.
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Figure 4.13: Suspended sediment over the cross-sections upstream in the side
channel (11 October 2018). From top to bottom in downstream direction. The side
channel is located at y < 0.
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Bagnold [1966] is not met), and crosses indicate u∗/ws < 0.4 (the criterion of Van
Rijn [1984b] is not met).

4.4 Discussion

4.4.1 Velocity direction

The present field study confirms the observation of Hager [1987] that the

flow angle increases with decreasing distance to the sill (Figure 4.6a, II in

Figure 4.15), although those observations were based on free flow instead of

submerged side weir experiments. The observation of Hager [1987] that the

flow angle over the sill increases with decreasing distance to the bifurcation

point is also confirmed (I in Figure 4.15). However, the flow angle is smaller

than that in the free flow experiments, where it increases towards 90◦ at

the bifurcation point. This finding is in accordance with the report of Van

Linge [2017], who extended the model of Hager [1987] with a flow angle

submergence coefficient based on Villemonte [1947].

The main differences between the described experimental case [Hager

& Volkart, 1986; Hager, 1987] and the present field study are that the former

contained a thin plate as a side weir with free flow conditions, whereas the

latter contains a submerged, broad-crested side weir with a 1:3 slope and a

downstream side channel parallel to the main channel. The submergence

results in the downstream flow conditions influencing the flow over the

weir, or more specific for the present case study: the presence of the down-

stream channel causes a strengthening of the outflow velocity component

along the x-axis and thus a reduction in the flow angle. Moreover, the flow

in the lower part of the water column is more geometrically steered (in this

case aligned with the sill), causing a veering effect (I in Figure 4.15), whereas
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Figure 4.15: Overview of the important processes at a flow diversion towards an
LTD side channel. (I) ∂φ/∂x > 0 and ∂φ/∂z > 0 (inset, where grey arrows indicate
the flow velocity lower in the water column). (II) ∂φ/∂y < 0 in themain channel. (III)
Shear over vertical, with vrot,da defined in Figure 4.4. (IV) Horizontal recirculation
cell.

backing was observed in the free flow experiments of Hager [1987]. This

veering is in accordance with the observations in Chapter 3 using a scale

model based on the present geometry.

Although the logarithmic velocity profile is strictly valid only in the in-

ner layer of the flow, several studies have shown that the validity of Equa-

tion (4.3) extends further towards the water surface. Several examples—

with zb the bed level height—are 3D84 < z − zb < 0.2d [Wilcock, 1996],

0.05 < (z − zb)/d < 0.5 [Smart, 1999], 0.25 < (z − zb)/d < 0.7 [Bagherim-

iyab & Lemmin, 2013], and throughout the whole water column outside the

viscous sublayer, as long as the data support a linear relationship between

log10(z − zb) and |~u| [Cardoso et al., 1989]. This finding confirms that our

approach of determining u∗ from the slope of the logarithmic velocity pro-

file in (log10 z, |~u|)-space is valid.
Qualitatively, the depth-averaged flow direction over the side weir is

well captured by the potential flowmodel of Kästner &Hoitink [2020] based

on superposition of uniform main channel flow and lateral outflow. The

underestimation of the flow angle into the side channel is likely caused by

underestimation of the parameter α = v0/u0 from field observations. The

velocity component v0 is estimated from the longitudinal velocity profile

closest to the sill (y = 11 m) but still in the main channel. Therefore, the

flow cross-sectional area parallel to the sill is larger than it is on the sill

plateau, which will cause a lower transverse velocity component compared

with the sill plateau: v0 and hence α are underestimated. According to the

linearised Equation (4.11), this will not only increase the predicted value of
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φ but also slightly increase ∂φ/∂x.

Another cause of the discrepancy between the results of the potential

flow model and the observed flow angle values in the field is the simpli-

fication of reality and hence the negligence of various physical processes.

Roughness of both the main channel bed and the rip-rap material of sill and

LTD is neglected, as well as convergence and divergence of the flow at the

sill. Apparently these processes do not affect the general qualitative flow

pattern significantly.

4.4.2 Secondary flow patterns in the side channel

The cross-sectional velocity profile in the side channel (Figure 4.9b) and, to

a lesser extent, the velocity profile with respect to the depth-averaged ve-

locity (Figure 4.9a,c) suggest a vertical secondary circulation cell in the side

channel. This might be caused by (1) a difference in roughness between the

sandy side channel and the rocky sill [Vermaas et al., 2011] or (2) the curved

flow into the side channel, as expected at bifurcations [Bulle, 1926; Dietrich

& Smith, 1984; Blanckaert et al., 2013; Dutta, 2017; Kästner & Hoitink, 2019].

However, the velocity profiles over depth show very low values for ∂|~u|/∂z

in the lower part of the water column of the side channel in contrast to the

upper part (Figure 4.12). This finding indicates that the sill causes shelter-

ing of the lower part of the water column, which excludes the first possible

cause of a secondary circulation. The second possible cause is also excluded

because the water depth over the sill is very limited during the conditions

described in Figure 4.9, which would certainly block the spiral flow over

the sill. Thus, no vertical circulation cell is observed here; however, vertical

shear is caused by sheltering of the lower part of the water column by the

sill (III in Figure 4.15).

Another secondary velocity pattern observed is the downstream hori-

zontal recirculation cell against the LTD slope (Figures 4.3 and 4.5, IV in

Figure 4.15). This phenomenon is consistent with the lab observations of

Hager [1987], who observed a downstream increasing flow angle over the

side weir up to φ = 90◦ at the bifurcation point and hence a downstream

discharge of Qside,d = 0 m3 s−1. This is also analytically obtained from the

potential flow model in Equation (4.11) and Figure 4.7b, where φ rapidly

increases close to the LTD head. The recirculation cell was also observed

in experiments with a 1:60 physical scale model of the present field site,

revealing a persistent flow separation phenomenon (Chapter 3).
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4.4.3 Sediment transport

Comparison of the slope of the logarithmic velocity profiles in (log10 z, |~u|)-
space with typical values of the critical shear velocity (Figure 4.12) is per-

formed without taking into account the effects of a transverse bed slope

and the flow alignment thereon. When a correction for these effects is ap-

plied, it appears that the underestimation of u∗,c is only 5 % for an inflow

angle of φ = 30◦ (Appendix C). Given the fact that near the sloping bed of

the LTD the velocity profile seems to not obey the logarithmic profile, this

underestimation is negligible.

From the limited data on both bed load and suspended sediment, it is

difficult to draw solid conclusions on whether sediment is transported in

bed load mode over the LTD sill. However, given the spatial distribution of

bed particle sediment size (Table 4.3, Figure 4.11) and the large shear stress

over the sill (Figure 4.12), this is very likely the case. Because sediment does

not accumulate in the side channel at a substantial rate, either there is side

channel bed load transport at high discharges (no field confirmation) or the

amount of bed load sediment transported over the sill is limited. Moreover,

assuming that the morphological stability of an LTD side channel is well de-

scribed by general side channel stability theory [van Denderen et al., 2018],

we should conclude that the two-channel system is stable, despite almost

all discharge being conveyed by the main channel. As a substantial part of

the discharge is still conveyed by the side channel in the field, the presence

of the sill appears to have a significant contribution in the morphological

evolution of a side channel.

The sediment non-uniformity might affect the applicability of the

Bagnold [1966] and Van Rijn [1984b] criteria, as these are based on a uni-

form sediment assumption, taken as D50. We do not expect this assumption

to significantly affect our conclusions, as both criteria are only used as a

rough indicator for the possibility of suspended load sediment transport in

Figure 4.14. Yet, as u∗,c decreases with decreasing sediment particle size, this

even enhances the possibility of at least the finer sediment fraction being

transported in suspension in the side channel. In order to gain more insight

in sediment transport towards a side channel separated from a river by an

LTD, both bed load and suspended load, a thorough numerical study using

a particle tracking model would be beneficial.

For sharp-crested plain weirs, it was earlier observed that scour occurs

downstream of the weir due to a combination of thickening of the jet flow

downstream of the weir and turbulent mixing of the jet flowwith the tailwa-
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ter [Guan et al., 2015, 2016]. Such scour is not observed in the present study,

which is likely caused by a combination of the flow behind the weir being

geometrically steered and the presence of a side slope at the weir, prevent-

ing tailwater formation as occurs at sharp-crested plain weirs. Moreover,

spare rip-rap is stored in the side channel, directly next to the sill, possibly

preventing erosion.

4.5 Conclusions

A field campaign was conducted to understand the processes controlling

the diversion of flow and sediment towards a side channel separated from

the river by a longitudinal training dam (LTD). A sill or submerged weir

was located at the bifurcation of the main river and the side channel. In

the main channel next to the sill, the angle between the local flow velo-

city vector and the principal direction of the main channel increases with

decreasing lateral and longitudinal distance to the bifurcation point. This

bifurcation point corresponds to the LTD head. The inflow angle over the

sill negatively correlates with the upstream water level, with variations on

the order of 10◦. Vertical shear is observed in the side channel caused by

sheltering of the lower part of the water column by the sill. The variation in

the flow direction over depth is governed by the flow being more geomet-

rically steered (aligned with the sill) lower in the water column, causing a

veering effect.

The general depth-averaged main channel flow pattern and the longitu-

dinal variation in the flow angle along the sill are qualitatively well repro-

duced with a uniform-depth, potential flowmodel consisting of a superposi-

tion of uniform main channel flow and lateral outflow. However, the model

slightly underestimates the measured flow angles, which is likely due to un-

derestimated model input parameters from field conditions and the lack of

representation of roughness and flow conversion effects in the model.

Sediment is likely transported in bed loadmode over the sill, although in

limited amounts. Due to the lower velocities and shear velocities in the side

channel, sediment fining occurs in the downstream direction. Suspended

sediment concentrations are especially high over the sill, and the ratio of the

shear velocity to settling velocity (u∗/ws) is larger than the critical value for

the onset of suspension, demonstrating that suspended sediment transport

over the sill occurs even under low discharge conditions.

We conclude that our hypotheses on flow, sediment import and mor-
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4.5. Conclusions

phological stability—as formulated at the end of Section 4.1—are largely con-

firmed. The flow behaves qualitatively as free flow over a sideweir, although

a submergence correction factor needs to be taken into account for quan-

titative predictions. The depth-averaged main channel flow near the sill is

qualitatively well reproduced with a uniform depth, potential flow model

consisting of a superposition of uniform main channel flow and lateral out-

flow. The morphological stability of the side channel is largely influenced

by the presence of the sill via general bifurcation stability mechanisms: the

sloping surface limits but does not prevent bed load transport into the side

channel, and the inlet step at the bifurcation increases the fraction of the

total sediment volume entering the side channel in suspended mode. �
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CHAPTER 5
Dune dynamics in a

lowland river

As dunes and larger scale bed forms such as bars coexist in rivers, the ques-

tion arises whether dune dynamics are influenced by interaction with

the underlying bed topography. The present study aims to establish the

degree in which dune characteristics in two and three dimensions are influenced

by an underlying topography dominated by non-migrating bars. As a case study,

a 20 km stretch in the Waal River in the Netherlands is selected, which represents

a sand-bed lowland river. At this location, longitudinal training dams (LTDs) have

recently been constructed to ensure sufficient navigation depth during periods with

low water levels, and to reduce flood risk. By using data covering two-year-long

periods before and after LTD construction, the robustness of the results is inves-

tigated. Before LTD construction, dune characteristics show large variability both

spatially and temporally, with dunes being longer, lower, less steep and having a

lower lee side angle when they are located on bar tops. The correlation between

dune characteristics and the underlying bed topography is disrupted by unsteady

conditions for which the dunes are in a state of transition. The bar pattern causes

tilting of dune crest lines, which may result from a transverse gradient in bed load

sediment transport. As a result of LTD construction, the hydraulic and morpholo-

gical conditions have changed significantly. Despite this, the main conclusions still

hold, which strengthens the validity of the results.

This chapter is based on: de Ruĳsscher, T. V., S. Naqshband, and A. J. F. Hoitink

(2020a). Effect of non-migrating bars on dune dynamics in a lowland river. Earth Surf. Process.

Landf., 45(6), 1361–1375. doi:10.1002/esp.4807.
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5. Dune dynamics in a lowland river

5.1 Introduction

Bed forms have been studied extensively for decades, in particular because

they cause hydraulic resistance. Existing literature on hydraulic roughness

of dunes strongly focusses on flow separation in numerical models and

flume experiments [Bennett & Best, 1995; Best & Kostaschuk, 2002; Best,

2005; Paarlberg et al., 2007, 2009; Coleman & Nikora, 2011], on the deriva-

tion of analytical formulations based on energy losses [Yalin, 1964b; En-

gelund, 1966; Karim, 1999; Yalin & Da Silva, 2001; van der Mark, 2009], and

on the derivation of empirical formulations based on bed form characteris-

tics [Yalin, 1964a; Vanoni & Hwang, 1967; Engelund, 1977; van Rijn, 1984c,

1993; Lefebvre & Winter, 2016]. Here, we define dunes as migrating bed

forms adopting length scales of 10m to 200m. Spatial and temporal vari-

ation in the topography underneath the dunes is often ignored. As dunes

and larger scale bed forms such as bars are known to coexist in rivers [Ash-

worth et al., 2000; Villard & Church, 2005; Wintenberger et al., 2015; Rodri-

gues et al., 2015; Le Guern et al., 2019], the question arises whether dune

dynamics are influenced by the underlying topography, which may mani-

fest itself as a lagged spatial response to a change in depth. In this study, we

test the hypothesis that dunes and the underlying bed topography can be

treated independently, taking theWaal River (the Netherlands) as our study

area.

Historically, dune dimensions have been predicted from hydraulic char-

acteristics using various empirical relationships. Dune height is generally

supposed to scale with water depth [Yalin, 1964a], whereas more advanced

dune height predictors also use grain size [Julien & Klaassen, 1995], trans-

port stage [Gill, 1971; Allen, 1978; van Rijn, 1984c; Karim, 1995], and the

Froude number [Gill, 1971; Karim, 1999]. Dune length is often supposed

to scale with water depth [Yalin, 1964a; van Rijn, 1984c; Julien & Klaassen,

1995]. All described relations are, however, merely rough predictions, as

dune characteristics can vary by more than an order of magnitude, and an

apparent break in the scaling relation occurs at a waterdepth of 2.5m [Brad-

ley & Venditti, 2017].

Local changes in water depth are caused by multiple factors. Besides

discharge variation over the year and spatially and temporally varying

roughness elements, also large-scale bed topography can cause an increase

(bars) or decrease (pools) in water depth. Temporal lag effects have often

been demonstrated to exist between dune characteristics and discharge [Al-

len, 1973; Martin & Jerolmack, 2013], and between dune height and length
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[Warmink, 2014]. Moreover, dunes respond differently to changes in flow

depth and flow velocity, both during the rising and falling limbs of the hy-

drograph [Reesink et al., 2018]. In models, these are often accounted for by

introducing a reduction factor for the dune height or length that depends

on an empirical growth factor [Coleman et al., 2005]. Given that bed topo-

graphy influences water depth and that dune height responds to spatial vari-

ation in water depth with a certain lag, it is expected that dune dimensions

require an adaptation length to adjust to the underlying bed topography

change. Point bars lagging the river curvature variation [e.g. Blanckaert

et al., 2013] add to this expectation.

For many dune characteristics, a wide spread is observed in natural

rivers, which is hard to predict due to a lack of knowledge about the dom-

inating underlying mechanisms. Knowledge about the effect of dunes on

flow roughness is essential to model rivers numerically. Since the work of

Einstein [1950], total roughness is mostly split in a grain roughness compo-

nent, a form drag due to bed forms, and other roughness influences such as

river training structures. Thus based on average dune dimensions and grain

size distribution, the friction factor can be parametrised rather straightfor-

wardly by using a grain roughness height that scales with the sediment

particle size [Kamphuis, 1974; Gladki, 1975; Hey, 1979; van Rijn, 1984c], and

a form drag depending on relative dune height [Bartholdy et al., 2010] or re-

lative dune height and dune steepness [Vanoni & Hwang, 1967; Engelund,

1977; van Rijn, 1993; Soulsby, 1997], assuming that ripples do not signifi-

cantly add to the total friction. Roughness in numerical models is mostly im-

plemented by (1) a user-defined constant or spatially varying friction factor,

(2) implementing roughness height prediction formulae [e.g. van Rijn, 2007],

or (3) defining bed roughness on a sub-grid level using roughness classes

[e.g. Deltares, 2014]. Inconsistencies in calculated bed roughness exist that

depend on the equation used [Warmink et al., 2013]. Moreover, none of the

form drag formulae take into account the effect of the lee side angle which

may be much lower than the angle of repose observed at the lee side of

dunes in flumes [Kwoll et al., 2016; Naqshband et al., 2018], on which the

above relations are based. Two exceptions to this are the studies of Van Rijn

[1993], who assigned a single fixed correction factor when the lee side angle

is smaller than the angle of repose, and Lefebvre &Winter [2016], who pro-

posed a new empirical relation for the form friction factor ff, depending on

relative dune height and dune steepness, and a correction factor depending

on the lee side angle.

In the above, dune characteristics are all based on a two-dimensional
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5. Dune dynamics in a lowland river

representation of dunes, but dunes do not always behave in a 2-D way

[Dalrymple et al., 1978; Ashley, 1990; Venditti et al., 2005]. The transition

from 2-D to 3-D dunes is believed to be characterised primarily by the flow

velocity magnitude [Ashley, 1990; Southard & Boguchwal, 1990; Venditti

et al., 2005]. Several measures for the three-dimensionality of dunes have

been proposed, which are all based on crest line sinuosity [Allen, 1968, 1969;

Venditti et al., 2005]. Even if a dune is 2-D according to either of those three-

dimensionality metrics, its crest may still be orientated under an angle with

the main flow direction. Rotation of dune crests has been observed both

around a tidal sandbank [Schmitt et al., 2007] and in river bends with point

bars [Dietrich & Smith, 1984]. Also, tilted crest lines follow from a theoreti-

cal linear stability analysis [Colombini & Stocchino, 2012]. Sieben & Talmon

[2011] developed a formula to predict changes in crest line tilting along a

river bend from transverse gradients in bed load transport and dune height.

Prior studies on bed forms in the sand-bedWaal River—our present case

study location—showed that dunes of multiple spatial scales coexist, with

smaller dunes superimposed on larger ones [ten Brinke et al., 1999]. These

dunes are in turn superimposed on an underlying large-scale bed topo-

graphy. This bed topography is dominated by hybrid bars [Duró et al., 2016],

for which phase, celerity (of zero) and growth rate are imposed by the ex-

ternal forcing. The initial wavelength and attenuation length of hybrid bars

proceed from a consideration of morphological instability. Struiksma et al.

[1985] showed that the bar pattern in the Waal River cannot be predicted

solely from local conditions, but that a significant part of the lateral bed

slope is induced by an overshoot effect. Dunes adapt to discharge changes

with a time lag of approximately two days, with anticlockwise hysteresis

in diagrams of dune characteristics versus discharge, except for a clockwise

hysteresis in the length development of large dunes [ten Brinke et al., 1999].

TheWaal River is the main downstream branch within the Dutch Rhine sys-

tem. Differences in dune dimensions between sections of the Dutch Rhine

system are mainly caused by differences in grain size and a variable dis-

charge distribution over themain channel and the floodplain, whereas shape

and duration of the flood wave are less important [Wilbers & ten Brinke,

2003].

In the present study, we focus on the effect of a spatially varying bed

topography dominated by non-migrating bars on dune characteristics and

hydraulic roughness, making use of a spatially and temporally extensive

morphological field data set in the sand-bed lowlandWaal River, the Nether-

lands. Our aim is to determine whether dune dynamics are significantly
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5.2. Methods

influenced by the underlying large-scale bed topography, and to discover

how robust these results are by analysing additional conditions after a river

intervention. Multiple years of biweekly data are available both before and

after the construction of longitudinal training dams (LTDs), which replace

groynes in the inner bends of the river. The LTDs split the river in a main

channel and bank-connected side channels, with an effective river narrow-

ing in periods of low water levels and an increased discharge capacity dur-

ing periods of high water levels [Havinga et al., 2009; Eerden et al., 2011;

Huthoff et al., 2011].

The results of the present study add to the knowledge on interaction of

bed forms at multiple spatial scales, which is needed to better represent bed

roughness in numerical models. In Section 5.2 the used measurement and

analysis methods will be explained in detail. Section 5.3 shows the results,

followed by a discussion in Section 5.4. Finally, the conclusions are drawn

in Section 5.5.

5.2 Methods

5.2.1 Field data

Bed level data was gathered using ship based Multi-Beam Echo-Sounding

(MBES), an acoustic technique based on the emission and reflection of a line

of sound pulses on the river bed. The sound that reflects on the river bed is

captured by a receiver and eventually translated into a height with respect

to Amsterdam Ordnance Datum (NAP). The line of beams is oriented per-

pendicular to the flow direction. The entire fairway of the river with a width

of 170 m is monitored biweekly, and projected on a 1 m× 1 m grid. The data

is processed using the software package Qinsy [Quality Positioning Services

B.V., 2019] using a 95 % confidence filter to meet Dutch navigation stand-

ards. At least 95 % of the grid cells has at least 10 data points, but in general

a much larger number of data points is collected per cell [A. Wagener, Rĳks-

waterstaat, pers. comm., 2016].

The bed level data was converted from a Cartesian (x, y) to a curvilinear

(s, n) coordinate system with the same spatial resolution. The streamwise

coordinate s is parallel to the river axis and the transverse coordinate is

defined with n = 0 on the river axis, for which the official nautical defini-

tion of the river is used. This definition roughly coincides with the thalweg.

We focus on the central river axis and on profiles at a distance of 41 m on
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5. Dune dynamics in a lowland river

Figure 5.1: Dunes superimposed on a pattern of bars (red, inner bend) and pools
(green, outer bend) over a river stretch of 24 km. Colours show the bed level with
respect to a dredging reference plane following the river bed slope. Flow is from top
right (s = −35 km) to bottom left (s = −11 km). Black curves indicate the parallel
profiles used in the analysis. Blue dots indicate water level stations.

both sides of the central river axis. These will be called southern, central

and northern profiles in the remainder of this chapter, according to their

location. The bed level with respect to NAP is shown in Figure 5.1 for part

of the study area, where the three profiles appear as black curves. Although

3-D effects of the dune field are lost in this way, this approach allows for an

analysis of dunes in terms of characteristics such as height, length, steep-

ness and lee side angle, which are common terms in dune literature. Addi-

tionally, the total fairway width was analysed by using all profiles within

n ∈ [−55; 55]m to investigate 3-D effects. Typical values of important char-

acteristic parameters of the river section under study are shown in Table 5.1.

After construction of LTDs in the Waal River, the central river axis was

redefined, with a maximum transverse shift of 15m towards the LTD. We

used the old river axis however, as at the time of analysis, the exact coor-

dinates of the new river axis were not known. We expect that the effect

on our results is minimal, as the bars are still clearly present (Figure 5.11),

mainly because we still analyse two sides of the river axis (the northern and

southern profiles). Water level data at the city of Tiel were available on an

hourly basis (Appendix D, Figure D.1).
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Table 5.1: Characteristic bed slope Sb, flow velocity U, water depth h, discharge Q,
and median and 90th percentile sediment diameters D50 and D90.

quantity characteristic value

Sb 1.5 × 10−5

U 1 m s−1

hmin 3.5 m

hmax 9.0 m

Q 1.3 × 103 m3 s−1

Qpeak 5.0 × 103 m3 s−1

D50 1.2 × 10−3 m

D90 2.0 × 10−3 m

5.2.2 River geometry and bed form analysis

The river geometry is characterised by the river curvature, which is fixed in

theWaal River due to centuries of river training using groynes, and recently

longitudinal training dams. The curvature is defined as the inverse of the

bend radius: χ = 1/r. The bend radius at each point on the river axis was

retrieved geometrically (Appendix E).

The bed elevation profile is detrended by subtracting a reference sur-

face used by the Dutch national water authority. This reference surface is

uniform in the spanwise direction and is a smooth curve in the longitudinal

direction, describing bed level variations on a spatial scale larger than the

bar scale and based on legislation for the depth of the fairway. Following

Van der Mark & Blom [2007], we differentiate between multiple scales of

bed forms by using a Hann window for the weights of the span and apply

this to 3 through N data points, with N denoting the total number of data

points in the bed elevation profile. To determine the peak bed form lengths,

a spectral density function is used, based on the FFTW Fourier algorithm

[Frigo & Johnson, 2005]. The spectral density is defined as

S(k) =
2m

Lp

∣
∣F [z(s)]

∣
∣2

m =







0 if k = 0 or mod (k = Lp, 2) = 0

1 otherwise,

(5.1)

in which Lp denotes the length of the evaluated profile and F the Fourier

transform operator. In a graph of peak bed form length against filter span,
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5. Dune dynamics in a lowland river

the present bed form lengths are visible as sills. The filter span correspond-

ing to each bed form length is located at 0.4 times the length of the sill. For

a more extensive description, we refer to Van der Mark & Blom [2007].

For the 2-D description of dunes, we chose to restrict ourselves to four

characteristics: dune height ∆ (vertical distance between top and down-

stream trough), length λ (horizontal distance between two subsequent

troughs), steepness ψ = ∆/λ and lee side slope Slee (i.e. a linear fit of the

lee side, without the lower and upper 1/6 of the dune height). These char-

acteristics are determined using a bed form detection tool based on a zero-

crossing method [van der Mark & Blom, 2007], where we follow Van der

Mark & Blom [2007] in using a bed form filter span constant of C = 1/6

to filter out small features. Finally, the bar profile is determined as the bed

profile that results after subtraction of both the reference surface and the

dunes from the measured profile.

5.2.3 Statistical analysis

To describe the bed form characteristics in a statistical sense, various statis-

tical properties are used. The first quartile Q1,X , median X̃ and third quar-

tile Q3,X of a variable X divide the data set in four equal parts, and the

interquartile range (IQRX = Q3,X −Q1,X) gives a measure of the spread of

observed values around the median.

To filter out local variations on smaller length scales, a LOcally weighted

regrESSion algorithm (LOESS) [Cleveland, 1979; Cleveland & Devlin, 1988]

was employed for spatial filtering (Chapter 2). The algorithm is based on a

weighted polynomial fit to the data, taking into account a fixed number of

nearest neighbours. We applied linear LOESS interpolation with a tricube

weight function. The solution was obtained iteratively with two iterations.

For the statistical analysis, we applied a span of 5 and 40 nearest neighbours

to filter out outliers and local variations, respectively.

The relative detrended deviation with respect to the spatially averaged

value is for each profile (southern, central and northern) given by

δ(X) =
X − X̂

〈X〉
X̂ = âs + b̂ ,

(5.2)

where 〈X〉 denotes the arithmetic mean of variable X(s), and X̂ denotes

the trend line along the s-axis. Parameters â and b̂ are determined for each

profile based on a linear fit. Linearly detrended profiles of dune height ∆,
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length λ, steepness ψ and lee side slope Slee were subject to a LOESS filter,

yielding interpolated values at a regular step size of 100m along the profile.

These values were averaged over time as input X to Equation (5.2).

5.2.4 Cross-correlation analysis

Pearson cross-correlationswere calculated between all described dune char-

acteristics and the heights along the bar profile (i.e. the total bed level profile

minus the reference surface and the dune variation). This was carried out

for six moments in time (snapshots) throughout the observation period. Not

only the total bar profile was used in the analysis, but also a decomposition

into signals representing different dominant bar wavelengths that follow

from the spatial scale differentiation (Section 5.2.2). Because local variations

dominate the bed elevation profiles, we applied linear LOESS interpolation

as described in Section 5.2.3 with a span of 40 nearest neighbours.

5.2.5 Form friction analysis

To quantify the effect of dune characteristics to the form friction exerted on

the flowing water, we employed the formula of Lefebvre & Winter [2016].

Based on numerical experiments, they took into account the effect of lee

side angle on form friction, starting from the formula of Vanoni & Hwang

[1967],

ff = γ
1

19.75 log10

((
∆
h ψ
)−1

)

− 20

γ =
1

1 + e−0.3ϕlee+5.9
,

(5.3)

in which h denotes the water depth and ϕlee the lee side angle in degrees.

The grain friction factor was determined following the approach by Van

Rijn [1984c],

fg =
8g

(

18 log10

(
12h

3D90

))2
, (5.4)

and the total friction factor ftot was determined from the water surface slope

S0 between twowater level gauging stations (Figure 5.1) and a characteristic

velocity U = 1 m s−1 as

ftot =
8S0gh

U2
. (5.5)
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5. Dune dynamics in a lowland river

This total friction factor accounts for all causes of friction, so not only form

drag and grain roughness, but also e.g. floodplain friction and groyne res-

istance.

5.3 Results

5.3.1 Bars

The fixed curvature of the Waal River has its imprint on the morphology

in the form of point bars in the inner river bends. This is illustrated in Fig-

ure 5.2 for the northern profile, where the bar profile (i.e., the bed level

profile after subtraction of dunes) aligns reasonably well with the river

curvature variation on the scale of the largest wavelengths, with a spatial

lag of 0.5 to 1 km. Over a timespan of two years (including two winter dis-

charge peaks), the bars show to be stable in location and form, and have a

height of ∼1m. On a sub-curvature scale, superposed bed elevation oscilla-

tions occur, which exist due to an intrinsic instability of the coupled system

of flow, sediment transport and bedmorphology [Struiksma et al., 1985]. We

will refer to bars caused by a combination of external forcing and intrinsic

instability as hybrid bars, following Duró et al. [2016]. Figure 5.3 shows the

bar profile and two zooms of the subtracted dune pattern (detrended).
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Figure 5.2: Bar profile (dark blue to yellow over time) and river curvature (red) over
30 km along the northern profile. The hybrid bars are forced by the river curvature
with a spatial lag of 0.5 to 1 km and by morphological instabilities, but slightly vary
in height over time. Time period: March 2011 till March 2013.

110



55555

✡✠

✟
✠

☛
✡

☛✟

5.3. Results

Figure 5.3: Bars (red/green) and dunes (red/blue) on a 10 km stretch in the Waal
River on 23 March 2011, coinciding with the site where LTDs were constructed in
2014/2015. Flow is from top right (s = −24 km) to bottom left (s = −14 km).

5.3.2 Dunes

On all three profiles as defined in Section 5.2.1, dunes are present that mi-

grate in downstream direction. Over the main part of the hydrograph, the

dunes can be tracked reasonably well from the biweekly dataset, although

during peak discharges this temporal resolution is insufficient to capture dy-

namical dune behaviour. As shown in Figure 5.4, dune behaviour changes

suddenly during the discharge peaks of January 2012 and January 2013, yet

not in the same way. In January 2012, the discharge peak is preceded by a

relatively long period of extremely low discharge, resulting in lowering of

dune height and therefore disappearance of the dunes over time. During the
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Figure 5.4: Biweekly bed level profiles over 2 km of the northern profile, with
on the left the measured discharge at Tiel. Dunes show a large variation in size
and shape, but can be tracked over the main part of the hydrograph, except during
discharge peaks.

peak, new dunes are formed with initially small lengths. In January 2013,

on the contrary, existing dunes are still present and grow in height.

Typical values for the (spatial) median dune characteristics of a single

profile are ∆̃ ∼ 0.9 m, λ̃ ∼ 63 m, ψ̃ ∼ 0.01, and S̃lee ∼ 0.07, corresponding

to a lee side angle of ∼ 4◦. In general, median values of dune height and

length are somewhat smaller for the southern profile than for the other two

profiles (blue dots in Figure 5.5). There is a wide spread around the median
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Figure 5.5: Median (dots) and interquartile range (colour bands) of dune charac-
teristics over time. The middle row shows the discharge at Tiel.

value as shown by the interquartile range in Figure 5.5, but the spread is

small enough to still distinguish a temporal change in dune characteristics

over the hydrograph.

5.3.3 Coexistence of dunes and bars

2-D effect of the large-scale bed topography on dunes

The relative deviations of time-averaged dune characteristics from their

spatially averaged values on s ∈ −[24; 14] km is very variable in space

along each profile (Figure 5.6). However, when applying a LOESS smooth-

ing algorithm with a span of 40 nearest neighbours, an alternating pattern

emerges between southern and northern profiles. These patterns coincide

with the alternating patterns of bars and pools, especially for dune length,

steepness and lee side slope, with deviations in the order of 10 %. In general,

dunes are longer, lower, less steep, and have a smaller lee side angle on bar

tops.

To quantify the spatial resemblance of patterns in Figure 5.6, cross-

correlations of ψ, ∆ and λ with the bar height were calculated. Although

113



✡✠

✟
✠

☛
✡

☛✟

5. Dune dynamics in a lowland river

/
("

)
(!

)

-0.5

0

0.5

northern

central

southern

/
(6

)
(!

)

-0.5

0

0.5

s (km)
-30 -25 -20 -15

/
(A

)
(!

)

-0.5

0

0.5

s (km)
-30 -25 -20 -15

/
(S

le
e
)
(!

)

-0.5

0

0.5

z b
!

z 0
(m

)

-0.5

0

0.5

bars

steepness

length

lee side slope

height
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averaged LOESS-fitted dune characteristics—as defined in Equation (5.2)—is shown
with LOESS spans of 5 and 40 nearest neighbours (thin and thick lines, respectively).
The middle row shows the bar pattern for the southern profile, with dashed lines in-
dicating inflection points of the river.

significant correlations are found between both ∆ and λ and bar height,

those are not consistent over time (Figure 5.7). Yet for ψ a negative cross-

correlation with the bar height is observed, which is most apparent for the

largest bar wavelength of∼ 8 km (see snapshots a, b, e and to a lesser extent

f of Figure 5.7). The exact value of the lag for which the highest correlation

occurs, is variable over time, but in general a significant negative value oc-

curs between −1 km and 0.5 km. The bar wavelength that is most dominant

in this correlation is the largest wavelength of ∼ 8 km. Smaller scale bars

sometimes even counteract the effect of the largest scale bar.

During and in the aftermath of the discharge peak of January 2012, there

is no significant cross-correlation between ψ and the bar height. This ismost

probably due to the newly developed dunes (cf. Figure 5.4), that result in an

increase of the interquartile range of ψ. As long as IQRψ is small enough, i.e.
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limited spread in ψ and thus a situation close to morphological equilibrium,

the correlation of ψ and the bar height is negative for a spatial lag between

−1 km and 0.5 km.

3-D effect of bars on dunes

To investigate three-dimensionality of dunes, we exemplarily focus on 21

September 2011, which is well before the discharge peak of January 2012.

During this day, the interquartile range of ψ is small, resulting in a clear cor-

relation of dune characteristics and the underlying bar height (Figure 5.7).

Dunes migrating over a bar have a tilted crest line with respect to the main

flow direction. The part of the crest line just upstream of a bar top is ahead of

the part of the crest line in a pool (lower half of Figure 5.8). When migrating

over the underlying bed topography, the dune crest lines tilt continuously

(Figure 5.9).

As a comparison, also the dune crest line pattern on 5 April 2012 is ana-

lysed, which is well after the discharge peak of January 2012, again with a

small enough interquartile range of ψ. Figure 5.10 illustrates that the dune

pattern before the discharge peak is dominantly two-dimensional. The dune

pattern after the discharge peak shows clear three-dimensional features,

where three-dimensionality is defined as in Venditti et al. [2005].

5.3.4 The effect of LTDs

After LTD construction, the water level and depth did not change signif-

icantly, except for a slight increase of the lowest values and a decrease

of the most extreme high values (Appendix D). In the region upstream of

the LTDs, both dune characteristics and the underlying bed topography

were unaffected by LTD construction (Figure 5.11). Further downstream

(s > −24 km), the bar pattern did respond significantly, as expressed by

a new pool at s = −21 km and a downstream shift of the bar top at

s = −14 km. This change in bar pattern caused a change in dune char-

acteristics that matched our findings inferred from data collected prior to

LTD construction: dunes on bar tops are lower, longer, less steep and have

a lower lee side angle than those in the troughs.
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5.4 Discussion

5.4.1 Bed form determination

In bed form tracking, it is common to use a fixed value for the parameter C

in the definition of the filter span P = CA, where A denotes the number of

data points per bed form length [van der Mark & Blom, 2007]. For higher

values of C, the influence of smaller features reduces in the analysis, and

progressively more bed forms are overlooked. The balance between ignor-

ing small sub-dune features and counting out larger dunes differs between

dune profiles with varying dune dimensions. Fixing C allows to filter out

small scale features in a systematic way. The chosen value of C = 1/6

matches the scale of the main dunes during most stages of the hydrograph,

but includes superimposed smaller bed forms during certain periods, espe-

cially when existing dunes lower and eventually disappear over time, such

as at the end of 2011 (Figures 5.4 and 5.5). Choosing a fixed value of C is a

subjective step in the approach. Including such step is unavoidable. Even

when a rigorous method would be employed to disentangle superimposed

bed forms based onwavelet analysis [e.g. Gutierrez et al., 2018], still a choice

would have to bemade about the bed form sizes that are considered as dunes

in subsequent analysis.
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Figure 5.11: Upstream of the LTD river reach (s < −24 km) dune characteris-
tics and bars roughly stay the same after LTD construction, but more downstream
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LOESS-fitted dune characteristics—as defined in Equation (5.2)—is shown with a
LOESS span of 40 nearest neighbours. In the middle, the bar profile is shown for
the southern profile (left: before LTD construction; right: after LTD construction),
with dashed lines indicating inflection points of the river.

5.4.2 Bed forms

The curvature development along the Waal River did not significantly

change as a result of LTD construction (Figure 5.2), whereas the width-to-

depth ratio did change. The fact that bar behaviour did change significantly

indicates that the bar pattern is at least partly governed by intrinsic instabil-

ity [Struiksma et al., 1985; Schielen et al., 1993; Tubino et al., 1999], which

justifies classifying the bed pattern as hybrid bars.

Dune characteristics show a large variability, especially in the spatial do-

main. According to Wilbers & ten Brinke [2003], the shape and duration of

the flood wave is not per se important for variability in dune characteristics,

but our observations show that large differences occur between discharge

waves (Figure 5.5). The most plausible reason for this observation is the
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Table 5.2: Predicted dune height ∆ and length λ based on the dune predictors of
Van Rijn [1984c] and Julien & Klaassen [1995], using median water depths of the
below-median and above-median water level regimes.

low h high h difference observed
(median)

Van Rijn [1984c] ∆ (m) 0.64 0.73 0.09 0.9

λ (m) 33.6 42.3 8.8 63

Julien & Klaassen ∆ (m) 0.97 1.14 0.17 0.9

[1995] λ (m) 28.8 36.3 7.5 63

importance of the history of the existing dunes: the discharge peak of Janu-

ary 2012 was preceded by a long period of extremely low discharge, which

caused lowering and disappearance of dunes over time with successive de-

velopment of new, small, superimposed dunes, whereas the discharge peak

of January 2013 was preceded by average discharge conditions, with small

peaks (Figure 5.4).

Comparing dune height ∆ and length λ with the values following from

thewidely applied dune predictors of Van Rijn [1984c] and Julien&Klaassen

[1995] (Appendix F), using median values of both the below-median and

above-median water level regimes (left boxplot of Figure D.1), results in the

dune dimensions of Table 5.2. Predicted dune heights match well with the

observed median value (∆̃ = 0.9 m), but observed dune lengths (λ̃ = 63 m)

are largely underestimated. According to both predictors λ ∝ h, but during

the discharge peak of January 2012 even a decrease in λ is observed, due to

the formation of new, small, superimposed dunes that are in a state of transi-

tion. Because of the limited temporal variability, dune heights are predicted

at least in the right order of magnitude. Part of the discrepancy may relate

to the fact that the predictor of Van Rijn [1984c] is based on equilibrium

flow, a condition that is rarely reached in rivers [Wilbers, 2004]. The occur-

rence of disequilibrium conditions does not explain the discrepancy for the

Julien & Klaassen [1995] predictor, which is based on observations from the

Dutch river system.

Dune crest lines appear to be tilting when migrating over the under-

lying bed topography, which can be caused by multiple phenomena. The

slanted dune crest lines can be a result of transverse differences in dune

celerity. Dunes on a bar top are longer and less steep, leading to an in-

creased dune celerity. This effect of dune characteristics on dune celerity
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has previously been shown by Gaeuman & Jacobson [2007] from field mea-

surements. Based on dune characteristics, one would expect the highest

dune celerities to occur on the bar tops, because less sediment has to be

transported for smaller dunes. This contradicts the observation that dune

crest lines in a pool are migrating with a larger celerity than over a bar top

(Figure 5.9).

A more plausible explanation for dune crest line tilting relates to the

dynamic force balance in meander bends [Dietrich & Smith, 1984], which

governs the zone of maximum bed shear near the pool. Sieben & Talmon

[2011] propose that the dune crest line orientation αcl varies with stream-

wise coordinate s as

∂αcl

∂s
≈ − 1

qs

∂qs

∂n
+

1

∆

∂∆

∂n
, (5.6)

where qs denotes the bed load transport per unit width. We observed that

regions where ∂αcl/∂s < 0 (i.e. crest lines rotating clockwise) correspond to

regions where ∂∆/∂n > 0 (i.e. higher dunes in pools) and vice versa. There-

fore, the first term on the right-hand side of Equation (5.6) should dominate

the second term. This means that the transverse gradient in bed load sedi-

ment transport qs is the dominating process of tilting dune crest lines. The

observations and expectations from Equation (5.6) also correspond to theo-

retical studies linking bed load sediment transport to dune celerity as in

qs ∝ cd∆ [Bagnold, 1941; Simons et al., 1965; Kostaschuk et al., 1989; Vil-

lard & Church, 2003]. From the linear stability analysis of Colombini &

Stocchino [2012] it follows that the complex wave speed—and thus dune

celerity—depends on λ and αcl, but that there is no easy way to transform

this in an explicit function of the form cd = f (λ, αcl).

5.4.3 Roughness

Since dunes can exert a significant drag force on the flow, a discussion on

contribution of dunes to the total friction factor is in place. The uncor-

rected form friction factor ff,0 is calculated from the dune characteristics

using Equation (5.3) with γ = 1 (top left in Figure 5.12). It follows that

the form drag accounts for the largest part of the total drag ( ftot ∼ 0.04).

Spatial variability is limited, and temporal variability is largely induced by

discharge variation.

The form friction factor ff that does take into account the effect of the

lee side angle changes significantly over the hydrograph (top right in Fig-

ure 5.12). When taking into account the effect of a low lee side angle as
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Figure 5.12: The form friction factor shows limited spatial variability (uncorrected
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ability during discharge peaks is enhanced when correcting for small lee side angles
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yellow, respectively. Dots and shaded area denote median and IQR, respectively.
Bottom: discharge at Tiel.

proposed by Lefebvre & Winter [2016], the form friction factor drops by

two orders of magnitude, with peaks in its value occurring during peaks in

the hydrograph. Values of ff/ ftot ∼ 0.01 should be handled with care, as

form roughness likely dominates over grain roughness in the Waal River

[e.g. Julien et al., 2002]. Recent studies suggest that low angle dunes are

not hydraulically relevant at all [Kwoll et al., 2016; Lefebvre et al., 2016].

Although the correction factor γ (cf. Equation (5.3)) that is proposed by Le-

febvre & Winter [2016] appears to overcompensate for the lee side slope

effect of low angle dunes under the prevailing field conditions, it is import-

ant to incorporate the effect of the lee side angle, and this is—as far as the

authors know—the only study in which this effect is quantified. Peaks in the

form friction factor that occur when the lee side angle is accounted for, offer

a clear indication that this is worth pursuing. More research is needed to get

to a realistic predictor for form roughness under lowland field conditions.

5.5 Conclusions

Subaqueous dunes exist superimposed on non-migrating bars in the Waal

River, a sand-bed lowland river in the Netherlands. The observed dunes

show significant temporal variability in their characteristics, which is not

only governed by the hydraulic boundary conditions, but also by the de-

velopment history of the dunes. The latter is most clearly observed when
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comparing the flood waves of January 2012 and January 2013. The spatial

variability of dune characteristics is largest on the local level (length scale

of several dune lengths), but on the bar length scales (multiple kilometres)

dune characteristics—especially dune steepness—correlate with the height

of the underlying bar. In general, dunes are longer, lower, less steep, and

have a smaller lee side angle when they occur on bar tops. When the in-

terquartile range of dune steepness becomes too large, however, the corre-

lation becomes insignificant or even absent. The most plausible explanation

for this observation is the development of new, smaller, superimposed dunes

in a state of transition. When dunes migrate over a non-migrating bar, the

crest lines tilt continuously, with the highest dune celerities occurring in the

pools. We infer that the observed crest line tilting relates to the transverse

gradient in bed load sediment transport. �
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CHAPTER 6
Synthesis

As introduced in Chapter 1, the goal of this thesis was to understand the pro-

cesses governing flow and bed morphodynamics in the region of the inlet

towards a side channel separated from the main river by an LTD, and to de-

velop steering controls. This LTD-specific goal was embedded in a broader

framework to extend the knowledge about LTD-type flow bifurcations, flow

over submerged side weirs, and bed forms in sand-bed lowland rivers. This

chapter recaps themain findings, followed by guidelines for future research.

Finally, practical implications for LTD design are discussed.

6.1 Main findings

6.1.1 Bed level monitoring

A line laser scanner device turns out to be a good non-disturbing mea-

surement device under certain hydraulic conditions in a laboratory flume

(Chapter 2). A line laser projects a line of red light on the bed, the reflec-

tion of which is captured by a 3-D camera and translated to Cartesian co-

ordinates. When mounted on a computer-steered carriage, a large area in a

flume can be scanned within a limited amount of time, which is beneficial in

mobile bed experiments (present study: 12 m × 2.6 m in 35 min). A geomet-

ric correction accounts for refraction at the air-water interface. This cor-

rection is increasingly accurate for decreasing water surface roughness and

flow velocity. Strictly speaking, a correction should be applied for structural

deviations in the bed level measurements as well. Nevertheless, this correc-

tion can safely be neglected, as these deviations are in general an order of

magnitude smaller than measurement errors in mobile bed experiments due

to the mobility of the sediment.
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The accuracy of line laser scanner measurements is highest for low flow

velocity conditions with dominant bed load sediment transport, as for in-

stance obtained with polystyrene (Chapter 3). However, reasonable results

are still obtained in high flow velocity sand-bed experiments with relatively

high water depth when a filtering method is applied. LOcally weighted re-

grESSion (LOESS) is such a filtering method, which improves the accuracy

by applying two-dimensional weighted data-interpolation. This method is

not limited to flume experiments, but likewise applicable for multi-beam

echo-sounding (MBES) measurements (Chapter 5). Potentially, LOESS can

even be used as a spatio-temporal filter to correct for time-aliasing due to

bed formmigration, and its performance will increase with decreasing mea-

surement duration due to bed form deformation.

6.1.2 Physical processes in fluvial morphodynamics

The discharge into a parallel side channel with an upstream submerged

side weir can be steered by adjusting the geometric configuration of the

weir (Chapter 3). The fraction of the total discharge diverted into the side

channel increases linearly with increasing flow cross-sectional area over the

weir. Themorphological evolution of the side channel can be steered aswell,

driven by a balance between two phenomena: (1) increasing sediment im-

port (at low discharge) and (2) increasing erosion (at high discharge), both

with increasing flow cross-sectional area over the weir.

The most upstream part of the side channel is dominated by three mor-

phological features (Figure 1.5, Chapter 1; Figure 3.11, Chapter 3). Firstly,

a region of erosion is present at the side channel bank. Secondly, divergence

of the flow at the side channel side of the weir creates a ‘divergence bar’.

Thirdly, an ‘inner-bend depositional bar’ is present against the LTD slope,

analogous to sediment deposition in the horizontal recirculation zone in a

sharp river bend.

The flow patterns causing these erosion and deposition patterns are

qualitatively well-described by existing theory on free flow over side weirs,

although the inflow angle into the side channel is overestimated (Chapter 4).

This is surprising, as free flow side weir theory does not incorporate down-

streamhydraulic conditions, which are needed for a quantitative description

of flow over submerged weirs. In the main channel along the LTD sill, the

angle between the flow velocity vector and the river axis increases (1) with

decreasing distance to the sill, (2) in the downstream direction, and (3) with

increasing height in the water column. Moreover, the angle increases with
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decreasing water level. Horizontal recirculation zones are observed in the

field (Chapter 4), which coincide with the location of the inner-bend depo-

sitional bar and the sheltered area behind the divergence bar, as observed

both in the lab and in the field (Chapter 3).

The depth-averaged flow pattern into a parallel side channel is—for

the main channel region—qualitatively well-described by a simple poten-

tial flow model consisting of a superposition of a uniform main channel

flow and lateral outflow without a bed level step [Kästner & Hoitink, 2020].

This provides confidence in the qualitative predictive capabilities of such

a model, although the sill, the side channel and roughness effects are ex-

cluded. The latter implies that roughness effects are not important for the

general pattern of flow deflection towards the side channel, although fric-

tional effects do play a significant role in the side channel, given the ob-

served horizontal recirculation cells.

The two-channel system under study can be morphologically stable be-

cause of two reasons. Firstly, sediment that settles under low discharge

conditions in the side channel, especially at the inner-bend depositional

bar, is eroded under high discharge conditions due to the water flowing

over the LTD crest, eliminating the secondary circulation cell and possibly

impinging on the inner-bend depositional bar (Chapter 3). Secondly, the

sediment imported as bed load into the side channel is limited by the slope

of the upstream sill and the sediment imported as suspended load is limited

by the height of the sill, limiting the flow cross-sectional area of the opening

and thus the side channel discharge (Chapters 3 and 4). The observation of

a significant fraction of the discharge going trough the side channel indi-

cates that—in addition to the stability diagrams of e.g. Van Denderen et al.

[2018]—the height, length and slope of the sill should be considered for pre-

dicting side channel stability if a sill is present at a side channel bifurcation.

Apart from the morphological evolution in the side channel, morpho-

logical patterns in the main channel occur. In lowland sand-bed rivers,

these are mainly migrating dunes superimposed on non-migrating bars.

The dunes show significant variability in time, not only governed by the

hydraulic boundary conditions, but also by the development history of the

dunes. The spatial variability of dunes is such, that it conceals correlation

of dune characteristics with larger scale bed topography. Yet on average

dunes are longer, lower, less steep and have a lower lee side angle when

they are located on bar tops (Chapter 5). However, when the dunes are in a

transitional state far from dynamic equilibrium, the correlation is disrupted.

Dune crest lines tilt in the horizontal planewhenmigrating over bars, which
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is most likely a result of a transverse gradient in bed load sediment trans-

port. The construction of large-scale river training structures like LTDs

affects the spatial bar pattern, but the statistical properties of smaller scale

bed forms like dunes are only spatially redistributed through a reaction on

the changing bar topography.

6.2 Future research directions

6.2.1 Bed level monitoring

For the methodological part of the presented research (Chapter 2), a step

forward has been presented in bed level monitoring in mobile bed flume

experiments, namely the use of a line laser scanner in combination with a

filtering method. However, for this approach to be applicable with high ac-

curacy in experimental conditions with high bed form migration rates, the

filtering method should be improved. This could be done relatively easily

by extending the two-dimensional LOESS filter with a third dimension. As

mentioned briefly at the end of Chapter 2, this could prevent time-aliasing

due to the migration of bed forms within the measurement period. Such an

extension is not entirely straightforward, as it involves two spatial dimen-

sions (horizontal plane) and one temporal dimension. However, it makes

sense when a four-dimensional Minkowski spacetime reasoning is adopted,

in which all four dimensions are of identical nature [Minkowski, 1909]. One

should be sure though to non-dimensionalise space and time with typical

length and time scales to tune the weighting of the nearest neighbours in

this three-dimensional LOESS approach. Although a numerical implemen-

tation is already available for an unlimited amount of dimensions, this has

not been applied yet [Vermeulen, 2016].

Although a LOESS filter is used to filter bed level data in flume exper-

iments in this thesis, the same method could be used on field data sets

from for instance multi-beam echo-sounding measurements. The above-

mentioned three-dimensional method could potentially be used to account

for bed formmigration, even when different spatial scales are involved such

as for instance in the Waal River (the Netherlands), where small superim-

posed dunes and ripples migrate over larger migrating dunes.
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6.2.2 Bifurcations with a submerged side weir

For flow into a parallel side channel with upstream submerged side weir

we now know that two bar features will form upstream in the side chan-

nel, and that both their location and volume vary with weir geometry and

phase in the hydrograph (Chapter 3). A next step is to study the stability

of such bar features in the long term, especially under a more realistic hy-

drograph. Stability studies for bifurcations and side channels do exist, but a

step at the entrance of a side channel complicates the situation significantly

(Chapter 4). More realistic stability studies are important for predicting the

future morphological evolution in new side channel projects, even more so

because more extreme droughts are expected to occur as a result of climate

change. Under low flow conditions, thewater level in the river drops and the

height of the sill is crucial in determining the inflow of water and sediment

and the subsequent morphological changes in the side channel.

A more realistic stability study could in principle be performed in a

laboratory setting, but a next step could also be taken regarding the use

of numerical models. With future application of LTDs and side channels in

mind, numerical models can be easier adapted to new river geometries and

hydraulic boundary conditions. Enough data from both lab experiments and

field campaigns of the present LTD pilot are available to validate the results

of a numerical model. Some issues have to be improved though, notably (1)

the numerical description of sediment transport over a sub-grid side weir

and (2) the weir formulation for submerged side weirs in a one-dimensional

model. Guidelines for the first issue are provided in the report of Van Linge

[2017], who determined important parameters for sediment transport over

an LTD sill, based on calculations with a particle model and a numerical

model with non-sub-grid weir. The second issue is addressed in the re-

port of Jammers [2017], who provides submergence correction factors for

discharge over a side weir and for the corresponding angle between flow

velocity vector and weir. The second issue—a weir formulation for sub-

merged side weirs—deserves special attention, as flow and discharge divi-

sion over submerged side weirs has hardly been studied and depends on

both upstream and downstream hydraulic conditions, which makes flow

and discharge division highly dependent on the specific geometry of the

downstream channel.
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6.2.3 Bed forms

An extensive study was presented in this thesis regarding the interaction

of dunes migrating over non-migrating bars (Chapter 5), yet superimposed

smaller dunes and ripples were ignored. Although the effect of bars (with

a scale of multiple kilometres) on superimposed dunes and ripples (with a

scale up to several meters) is likely very limited, these bed forms are po-

tentially of significant importance to the total bed load sediment transport.

Analysis of multi-beam echo-sounding measurements and flume experi-

ments could provide more knowledge on bed load sediment mechanisms

[Poelman et al., 2019].

Whereas several studies have been performed on the coexistence of

dunes and bars, these were mainly focussed on free bars. According to

the linear stability theory of Colombini & Stocchino [2012], for instance,

dunes and free bars are manifestations of the same phenomenon and can

hence not coexist. Nevertheless, dunes and free bars are observed simulta-

neously [e.g. Le Guern et al., 2019]. This is most likely a non-linear effect,

e.g. of competing linear disturbances, which calls for a more advanced the-

ory. In contrast to free bars, forced bars can coexist with dunes. However, no

general theoretical framework for the interaction between these bed forms

has been developed yet, although the case study presented in this thesis

indicates that the effect of non-migrating bars on dunes can be significant

(Chapter 5). A theoretical framework could help predicting morphological

effects on different spatial scales as a result of future river interventions.

As concluded earlier, a potential flow model describes the depth-

averaged main channel flow close to an LTD sill qualitatively well, which

implies that roughness does not play a crucial role. This is in line with the

observation that low-angle dunes (lee side angles smaller than 30◦) without
a persistent downstream flow separation zone are common in sand-bed

rivers [Best & Kostaschuk, 2002; Kwoll et al., 2016; Naqshband et al., 2018].

Nonetheless, no model is available yet to predict form roughness from in-

formation on bed form dimensions reliably (Chapter 5).

6.3 Application of longitudinal training dams

Within the broad range of ‘building with nature’ measures and especially

the Dutch ‘Room for the River’ project, LTDs provide a way of lowering the

flood risk without raising the embankments. It is more and more common

in modern river management to apply an integrated approach, in which
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multiple interests are taken into account and multiple river functions are

improved simultaneously [Rijke et al., 2012]. LTDs are a good example of

this trend as they not only lower the flood risk, but also increase the fairway

depth under lowwater level conditions, increase the biodiversity of the river

[Collas et al., 2018b] and reduce maintenance costs [Eerden et al., 2011]. As

shown in this thesis, LTDs are especially suitable because there is a wide

regulation range of the discharge division over the two channels by alter-

ing the flow cross-sectional area over the sill at the side channel entrance.

Moreover, the morphological evolution of at least the most upstream part of

the side channel can be regulated by adapting the sill geometry (Chapter 3).

More detailed steering can most probably be realised by tuning the open-

ings that are present at several locations along the LTD in the form of a

submerged weir, which in the present study were all closed.

Bank stability

The flow pattern in the vicinity of the side channel entrance is mapped in

detail, which shows a streamlined flow into the side channel. This flow im-

pinges on the bank, but no large erosional effect has been observed there,

in contrast to physical scale model results (Chapters 3 and 4). This is most

likely due to the presence of remains of old groynes, stabilising the bank.

This bank stability should be seriously considered in future LTD implemen-

tations, as strong bank erosion could potentially lead to shallow zones that

reduce side channel discharge and hinder recreational boating.

Another way of preventing large impinging flows onto the bank is a

more streamlined planform geometry of the side channel intake area. The

90◦ upstream rip-rap bank at the upstream end of the sill could be reshaped

to a gradual widening into the side channel, aligned with the streamlines.

This would most likely also prevent the formation of the horizontal secon-

dary circulation cell behind the divergence bar (Chapters 3 and 4).

Main and side channel stability

The main channel is not significantly altered at the dune scale, which is

positive as this could otherwise counteract a gain in water depth during

periods with low water levels. However, non-migrating bars do change in

location and amplitude. For the present pilot in the Waal River, this does

not seem to be an issue, as the bar change is mainly a spatial relocation,

keeping the fairway at depth. For future application in rivers with more

pronounced bars, this is a serious point of concern to take into account in
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the design phase, even more so because Le et al. [2018a,b] concluded that

the presence and location of alternate bars plays a crucial role in the stability

of a two-channel LTD system. Their main advise was to locate the entrance

of an LTD side channel at the upstream side of a bar, which is in line with

the case study of the Waal River. Nevertheless, the location of LTDs with

respect to the bar top is likely not of crucial importance here, as the sill

limits the sediment transport into the side channel (Chapter 5).

As a result of the removal of groynes, the floodplain is reconnected to

the river. This likely causes more floodplain sediment to gradually end up

in the main channel (via the side channel), counteracting bed degradation,

which is one of the reasons to implement LTDs in the first place [Eerden

et al., 2011]. This natural sediment nourishment is reinforced by the afore-

mentioned flow impinging on the side channel bank, causing bank erosion.

Ecology

Of course the pilot that served as a case study in this thesis is only an ex-

ample of how an LTD can be designed, as more ecologically fitted designs

are possible (e.g. plants in the side channel or a vegetated LTD, Figure 6.1)

and even other materials could be used to build the dam (e.g. wood). Fol-

lowing the conclusions from the potential flow model, adding vegetation

and hence roughness or changing the material should not change the main

flow patterns dramatically, whilst providing valuable substrate for various

species. Adding to this ecological value are the observation of downstream

fining in the side channel (Chapter 4) and the observation of spatial vari-

ation in side channel bed material [Collas et al., 2019].

As mentioned by Collas et al. [2018a], flow velocity magnitude is an

important factor for the potential occurrence of species in a certain area.

This should be carefully considered when e.g. the side channel intake is

redesigned to a more streamlined planform geometry, as discussed above.

Final considerations

It should be realised that LTDs are certainly not limited to the present case

study configuration. They can, depending on the desired functions, even

have a side channel of comparable width to the main channel. This is for

instance the case in the Rhine River (Germany) near the city of Rüdesheim

(Figure 6.2, mainly for navigational purposes).

Overall, LTDs are a valuable addition to the engineering toolbox, with

a wide range of possibilities to steer water and sediment import into the
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Figure 6.1: A vegetated longitudinal training dam in the Loire River near the town
of Châtillon-sur-Loire (France), August 2012. Courtesy of: Google.

Figure 6.2: A longitudinal training dam with both channels of comparable width
in the Rhine River near the city of Rüdesheim (Germany), October 2017.
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side channel. However, a careful preliminary study should be performed

for each situation in which LTDs are considered as an alternative to more

traditional river training measures. Depending on the questions that arise,

a numerical or physical scale model study suffices. Given the results in this

thesis, it is realistic that in the future LTDs will be implemented on a larger

scale in lowland rivers, even more so because only then their full potential

as an integrated river intervention is optimally utilised, which makes LTDs

stand out compared to other river interventions (e.g. lowered groynes, side

channels, lowered floodplains and embankment relocations). They secure

the transport corridor over water and reduce the flood risk, while on the

other hand they create ample room for recreation and enhance the ecolo-

gical diversity of the river system. �
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A Mathematical description of mapping in

bins

The mapping of bed profile measurements in bins, as introduced in Sec-

tion 2.2.5, can be mathematically described as follows.

Bed level bins are defined as [ẑk, ẑk+1), where ẑk = z0 + (k − 1)∆z, with

k = 1, 2, . . . , kmax + 1, z0 a lower bound for the bed level and ∆z the bin

width. The probability pk of a bed level value zi ∈ [ẑk, ẑk+1) to be missed by

the measurement device is

pk =
#
{

zi ∈ [ẑk, ẑk+1) | z′i = NaN
}

# {zi ∈ [ẑk, ẑk+1)}
, (A.1)

where zi are bed level values of the dry-bed profile and z′i the corresponding
measured values of the submerged profile.

Additional to the bed level bins, residual error bins are defined as

[ǫ̂m, ǫ̂m+1), where ǫ̂m = ǫ0 + (m − 1)∆ǫ, with m = 1, 2, . . . , mmax + 1, ǫ0 a

lower bound for the residual error and ∆ǫ the bin width. The probability

pk,m that a bed level value zi ∈ [ẑk, ẑk+1) is measured with a residual error

ǫi ∈ [ǫ̂m, ǫ̂m+1) is

pk,m =
# {zi ∈ [ẑk, ẑk+1) | ǫi ∈ [ǫ̂m, ǫ̂m+1)}

# {zi ∈ [ẑk, ẑk+1)}
. (A.2)

B Fitting parameters

The fitting parameters used for the background correction, ai and bi in

Equations (2.1) and (2.3), are given below. Due to re-installation and re-

calibration of the laser scanner for experiment 5, a different set of para-

meters is obtained there. For experiments 1 to 4 a longitudinal range of

7.5 cm (x ∈ [1100; 1175]mm) is used to obtain a1 = −5.86 × 10−6 mm−1,
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a2 = 5.04 × 10−3 and a3 = −4.49 × 102 mm, and b1 = 9.99 × 10−6 mm−1,

b2 = −5.95 × 10−3 and b3 = 8.40 × 10−1 mm.

For experiment 5 a longitudinal range of 63.5 cm (x ∈ [1050; 1685]mm) is

used to obtain a1 = −7.83 × 10−6 mm−1, a2 = 7.98 × 10−3 and a3 = −6.10 ×
102 mm, and b1 = −1.92 × 10−6 mm−1, b2 = 1.55 × 10−3 and b3 = −3.18 ×
10−1 mm.

C Critical shear stress and corrections

thereon

The critical Shields parameter, or critical non-dimensional shear stress, is

a non-dimensionalisation of the shear stress at the critical value for initi-

ation of motion. Here we will use the parametrised expression by Soulsby

& Whitehouse [1997] from the original experimentally determined Shields

curve [Shields, 1936], as given by

θc =
0.3

1 + 1.2D∗
+ 0.055

(

1 − e−0.02D∗
)

. (C.1)

In this equation D∗ is the non-dimensional particle diameter given by [van

Rijn, 1984a,c]

D∗ = D50

(
ρs − ρw

ρw

g

ν2

)1/3

, (C.2)

where D50 is themedian particle diameter, ρw and ρs are the density of water

and sediment, respectively, g is the gravitational acceleration, and ν is the

kinematic viscosity. The dimensional critical shear stress τc or dimension-

less critical Shields parameter θc can also be expressed in units of velocity,

as the critical shear velocity u∗,c, given by

u∗,c =

√
τc

ρw
=

√

θcD50g
ρs − ρw

ρw
. (C.3)

In accordance with the report of Jammers [2017], a correction factor that

takes into account both the effect of a transverse bed slope and a slope that

is not aligned with the flow is determined. Three angles are of importance:

the transverse bed slope angle ϕt, the flow angle φ (positive for flow into the

side channel) and the angle of repose ϕr. In the present study, we use fixed

values of ϕt = arctan(1/3) and ϕr = 30◦. A correction factor θ̌
(ϕt,φ)
c for the

critical Shields parameter is defined as

θc,φ = θ̌
(ϕt,φ)
c θc,0 , (C.4)
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with

θ̌
(ϕt,φ)
c =

tan(ϕt) tan(φ)
√

1 +
tan2(φ)

cos2(ϕt)
tan(ϕr)

+ cos(ϕt)

√
√
√
√1 − tan2(ϕt)

(

1 +
tan2(φ)

cos2(ϕt)

)

tan2(ϕr)
.

(C.5)

D Effect of LTDs on water level and dunes

The available water level data set consists of hourly measurements of water

level at the canal entrance of the Amsterdam-Rijnkanaal (Figure 5.1). To

differentiate between water level regimes, the total data set is divided in

bins separated by the sextiles zw,1 through zw,5. For this purpose, all water

level data of the periods before and after LTD construction under study are

used (Figure D.1).

LTDs are expected to increase the depth of the main channel during low

water level periods by minimising the discharge through the side channel,

and to decrease the highest water levels by increasing the discharge capacity

of the river. The latter is achieved, as can be seen from a reduction of the

above median water levels (left in Figure D.2) and a reduction of high water

level values in the regime above the fifth sextile zw,5 (right in Figure D.2).

t
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Figure D.1: Water level at Tiel during the total period under study. The LTDs
were constructed in the shaded period. Dates at which bed level measurements were
carried out are indicated by blue dots. Horizontal lines indicate water level sextiles
zw,1 through zw,5, calculated over the combined study periods before and after LTD
construction.
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Figure D.2: LTDs cause an increase (decrease) in water level during extreme low
(high) water level situations. Left: water depth division for water levels below and
above the median water level, [0, zw,3) and [zw,3, ∞), respectively. Right: water level
division for water level sextiles, after subtraction of the median water level before
LTD construction z̃w,before. Situations before and after LTD construction are shown.
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Figure D.3: Boxplots show dune characteristics before (b, left) and after (a, right)
LTD construction per water level sextile, without showing outliers. Dune hight ∆,
length λ, steepness ψ and lee side slope Slee show more variation between different
water level ranges than between the situation before and after LTD construction.
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For the water depth during low water level periods, however, the opposite

of what is expected can be observed: a decrease of water depth after LTD

construction (left in Figure D.2). Yet this is based on all below-median water

levels, whereas LTDs are only intended to increase extremely small water

depths. Moreover, only limited bed level data is available (biweekly), which

is why drawing conclusions on the basis of the hourly water level data is a

more robust approach. This indeed shows a slight increase of water levels

in the first sextile (right in Figure D.2). The effect of a subtle water level

regime change is not directly visible in the dune characteristics per water

level sextile (Figure D.3). This implies that the effect on bed form friction,

which is determined by bed form characteristics is also not significantly

different.

E Geometrical determination of river

curvature

The river curvature is geometrically determined from the river axis plan-

form. Given a chord AB with midpoint X, on a circle c with centre M and

radius r (Figure E.1). Let ||AB|| = w and ||XP|| = distance(X, c) = ℓ. The

radius of curvature r of the river axis (and thus the river curvature χ = 1/r)

A

B

M

X

c

r

P

Figure E.1: Schematic overview of geometrical determination of the river
curvature χ = 1/r at a point P. The chord AB is centralised around P and lies
on the circle c with centre M and radius r.
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at point P—centralized between A and B—can now be calculated by

r =
w2

8ℓ
+

ℓ

2
, (E.1)

which can be proven by either the intersecting chords theorem or the Pytha-

gorean theorem.

F Dune predictors

Two dune predictors are used in Section 5.4 to compare observed dune

height ∆ and dune length λ with values obtained from empirical formulae.

The model of Van Rijn [1984c] is given by

∆ = 0.11d

(
D50

d

)0.3 (

1 − e−0.5T
)

(25 − T) (F.1)

λ = 7.3d , (F.2)

where D50 denotes the median grain size and d denotes water depth. The

transport stage parameter T is defined as

T =
u2
∗ − u2

∗,c

u2∗,c
, (F.3)

where the grain shear velocity u∗ is calculated from the grain Chézy para-

meter C′ as

u∗ =

√
g

C′u

C′ = 18 log10

(
12Rb

3D90

)

,

(F.4)

where D90 is the 90th percentile particle diameter, g is the gravitational ac-

celeration, u is the flow velocity and Rb is the hydraulic radius of the bed,

which is approximated as Rb ≈ d for river width ≫ d [Vanoni & Brooks,

1957]. The critical shear velocity u∗,c is calculated from the dimensionless

critical shear stress θc and the dimensionless particle diameter D∗ as given
in Equations (C.1)–(C.3).

The basis of the model of Julien & Klaassen [1995] lies in the observa-

tion that the model of Van Rijn [1984c] does not predict dune heights well

during floods in the large rivers of the Dutch river system: the Rhine River
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branches and the Meuse River. Therefore a generalisation based on an ex-

tensive dataset was proposed:

∆ = ξd

(
D50

d

)0.3

(F.5)

λ = ξηd . (F.6)

The dune height coefficient ξ was for the original study for 95 % of the data

points within 0.8 < ξ < 8, with a mean value of ξ ≈ 2.5. The dune length

coefficient η was for 95 % of the data points within 0.5 < η < 8, with a mean

value of η ≈ 2.5. As suggested by Julien & Klaassen [1995], we used the

mean values for both coefficients in the present study. �
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Chapter 3: de Ruĳsscher, T. V., A. J. F. Hoitink, S. Naqshband & A. J. Paarl-

berg (2019). Replication Data for: Bed morphodynamics at the intake of
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Summary

Within the framework of building with nature and creating more room for

the river, several measures have been implemented over the past decade in

the Dutch river system to reduce flood risk without raising the embank-

ments. Moreover, an integrated river management approach, in which mul-

tiple river functions are served with a single river intervention, is increas-

ingly being advocated. Longitudinal training dams (LTDs) form an innova-

tive, relatively new river training structure within these frameworks, secur-

ing the transport corridor over water and reducing the flood risk, while on

the other hand creating ample room for recreation and enhancing the ecolo-

gical diversity of the river system. An LTD separates the main channel from

a bank-connected side channel in the inner river bend, with a sill present at

the bifurcation of the two channels. During highwater levels the crest of the

LTD is submerged, which is estimated to happen about 100 days per year. In

this thesis, an LTD pilot project in the Waal River (the Netherlands) is stud-

ied to understand the processes governing flow and bedmorphodynamics in

the region of the inlet towards an LTD side channel, and to develop steering

controls.

An innovative bed level monitoring method is analysed in Chapter 2,

aimed at measuring the bed level during mobile bed laboratory experiments

without disturbing the water surface. A line laser scanner is used for this

purpose, which consists of a laser projecting a line on the bed and a 3-D

camera capturing the reflected light. To correct for refraction of light at the

water surface, a geometric refraction correction is needed, the accuracy of

which increases for decreasingwater surface roughness and flow velocity. A

second correction, for structural deviations in the bed level measurements,

can be safely neglected. The best results are obtained for conditions of low

flow velocity and sediment that is transported predominantly in bed load

mode. Nevertheless, accurate bed level data can still be retrieved for less

ideal conditions, when appropriate filtering is applied. LOcally weighted

regrESSion (LOESS) provides such a filter, consisting of two-dimensional

weighted data-interpolation. This method can potentially even be exten-
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ded to a spatio-temporal filter, correcting for time-aliasing due to bed form

migration.

InChapter 3 themethod of Chapter 2 is used in a laboratory experiment

with polystyrene as lightweight surrogate sediment. In this experiment, a

1:60 scale model of the intake section of an LTD side channel is studied for a

variety of sill geometries, bothwhen the LTD crest is emerged andwhen it is

submerged. The fraction of the total discharge diverted into the side chan-

nel is found to increase linearly with increasing flow cross-sectional area

over the sill. Three morphological features characterise the upstream end

of the side channel: (1) erosion at the side channel bank, possibly stabilised

by remains of old groynes, (2) a ‘divergence bar’ due to flow divergence at

the side channel entrance, and (3) an ‘inner-bend depositional bar’ analog-

ous to deposition in a sharp river bend. The side channel morphological

evolution and steering thereof is governed by net sediment sedimentation

at low discharge and net erosion at high discharge, in magnitude depending

on the geometrical design of the sill. It is concluded that the sill functions

as an effective steering structure for discharge and sediment division over

the two downstream channels.

Flow in the vicinity of a side channel entrance with sill is studied in

detail in Chapter 4, using data from an extensive field monitoring cam-

paign. The sill should be described as a submerged flow, broad-crested side

weir, for which both upstream and side channel hydraulic conditions de-

termine the discharge distribution and flow pattern. Most side weir studies

have focussed on free flow weirs, however, the theory of which is found

to describe the flow qualitatively well. The angle between the main chan-

nel flow velocity vector and the river axis increases with decreasing lon-

gitudinal and transverse distance to the LTD head. Moreover, this angle

increases with increasing height in the water column above the sill. The

general depth-averaged flow pattern in the main channel can be qualita-

tively well-reproduced with a uniform depth, potential flow model, consist-

ing of a superposition of uniform main channel flow and lateral outflow.

This implies that friction is not of primary importance for the general flow

pattern. The vertical structure of the flow is governed by the geometrical

details of the sill, with more sill-aligned flow in the lower half of the side

channel water column. Morphological stability of the side channel is largely

influenced by the presence of the sill, following general bifurcation stability

mechanisms: the sloping surface limits but does not prevent bed load trans-

port into the side channel, and the inlet step at the bifurcation increases the

fraction of the total sediment volume entering the side channel in suspended
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mode.

Bed forms on different spatial scales occur in the main channel: migrat-

ing dunes (∼ 101 m to 102 m) and non-migrating hybrid bars (∼ 103 m). The

former are bed instabilities that interact with the flow and the latter are

caused by a combination of external forcing (curvature) and intrinsic in-

stability. In Chapter 5 a temporally and spatially extensive bed level data

set is analysed to study dune variability and the effect of non-migrating bars

on dunes. Dunes show significant variability in time, governed by the hy-

draulic boundary conditions and by the development history of the dunes.

The spatial variability of dunes conceals correlation of dune characteristics

with larger-scale bed topography, yet on average dunes are longer, lower,

less steep and have a lower lee side angle when they are located on bar

tops. In a transitional state far from equilibrium, this correlation is disrup-

ted. The bar pattern causes tilting of dune crest lines, most likely related to

the transverse gradient in bed load sediment transport. The construction of

large-scale river training structures like LTDs affects the spatial bar pattern,

but the statistical properties of smaller-scale bed forms like dunes are not

directly affected.

It is concluded that local processes govern the flow field in the bifurca-

tion region and that the vertical flow structure in the side channel is steered

by the geometrical details of the sill. Morphological stability of the side

channel is primarily determined by the sill geometry. The bed topography

in the main channel is significantly influenced by LTD construction on the

scale of the LTD pilot as a whole. Overall, LTDs provide a valuable addition

to the river engineer’s toolbox, with a wide range of possibilities to steer

water and sediment division over main and side channel. �

171



✡✠

✟
✠

☛
✡

☛✟

“
als de waal

uit het zicht is

stroomt

de verbeelding

Twan Niesten (2012)”



444444abdss

✡✠

✟
✠

☛
✡

☛✟

Samenvatting

De afgelopen jaren zĳn in het kader van building with nature (‘bouwen

met natuur’) en ‘ruimte voor de rivier’ verschillende maatregelen ge-

implementeerd in het Nederlandse riviersysteem om het overstromingsri-

sico te verkleinen zonder de dĳken te hoeven verhogen. Daarnaast wordt

‘integraal riviermanagement’, waarbĳ meerdere rivierfuncties worden be-

diend binnen één project, steeds meer gepredikt. In dit verband vormen

langsdammen een innovatieve, relatief nieuwe maatregel, die transport van

goederen over de rivier veilig moet stellen en het overstromingsrisico moet

verkleinen, terwĳl daarnaast ruimte voor recreatie wordt gecreëerd en de

ecologische diversiteit van de rivier wordt verbeterd. Een langsdam in een

rivier scheidt de hoofdgeul van een oevergeul in de binnenbocht, met een

drempel ter plaatse van de aftakking van de oevergeul. Tĳdens periodes

van hoog water staat de gehele langsdam onder water, iets wat ongeveer

100 dagen per jaar gebeurt. In dit proefschrift worden resultaten van een

proef met langsdammen in de rivier de Waal geanalyseerd, met als doel om

(1) de dominante fysische processen voor stroming en bodemdynamiek in

de nabĳheid van de instroom van een oevergeul te begrĳpen, en (2) hand-

vatten voor sturing hiervan te ontwikkelen.

Een innovatieve methode voor het monitoren van de bodemligging is

nader bestudeerd in Hoofdstuk 2. Deze methode heeft als doel het me-

ten van de bodemligging tĳdens laboratoriumexperimentenmet bewegende

bodem, zonder dat daarbĳ het wateroppervlak verstoord wordt. Hiervoor

wordt een lĳnlaser-scanner gebruikt, bestaande uit een laser die een lĳn

op de bodem van de stroomgoot projecteert en een 3D-camera die het ge-

reflecteerde licht opvangt. Om te corrigeren voor breking aan het water-

oppervlak is een geometrische brekingscorrectie nodig, die in nauwkeurig-

heid toeneemt naarmate de stroomsnelheid en de ruwheid van het water-

oppervlak afnemen. Een tweede correctie—voor structurele afwĳkingen in

de meetresultaten—kan zonder problemen achterwege gelaten worden. De

meest nauwkeurige resultaten worden verkregen voor lage stroomsnelhe-

den en voor sediment dat zich hoofdzakelĳk als bodemtransport verplaatst.
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Toch kunnen ook goede metingen van de bodemligging worden verricht

onder minder ideale omstandigheden, indien geschikte filtering wordt toe-

gepast op de data, zoals bĳvoorbeeld LOcally weighted regrESSion (LOESS).

LOESS bestaat uit twee-dimensionaal gewogen interpolatie van de data en

kan potentieel zelfs worden uitgebreid tot een filter in ruimte en tĳd om zo

te corrigeren voor migratie van bodemvormen gedurende het meten.

In Hoofdstuk 3 wordt de methode uit Hoofdstuk 2 gebruikt in een

laboratoriumexperiment met polystyreen als lichtgewicht surrogaatsedi-

ment. In dit experiment wordt een 1:60-schaalmodel van de instroomope-

ning van een oevergeul bestudeerd voor meerdere openingsgeometrieën,

met de kruin van de langsdam zowel boven als onder water. De fractie van

de totale rivierafvoer die de oevergeul ingaat neemt lineair toe met toe-

nemend doorstroomoppervlak over de drempel. Drie morfologische struc-

turen karakteriseren het bovenstroomse einde van de oevergeul: (1) oever-

erosie in de oevergeul, mogelĳk gestabiliseerd door restanten van oude krib-

ben, (2) een divergence bar (‘divergentiebank’) als gevolg van divergentie

van de stroming de oevergeul in, en (3) een inner-bend depositional bar (‘de-

positiebank in de binnenbocht’) analoog aan depositie van sediment in een

scherpe rivierbocht. De morfologische ontwikkeling van de oevergeul en

de sturing daarvan zĳn een gevolg van netto sedimentatie bĳ lage afvoer

en netto erosie bĳ hoge afvoer, waarbĳ de kwantiteit afhangt van het ge-

ometrische ontwerp van de drempel. Concluderend vormt de drempel een

effectief sturingsmechanisme voor verdeling van water en sediment over

hoofd- en oevergeul.

De stroming in de nabĳheid van een oevergeul-instroomopening met

drempel wordt bestudeerd in Hoofdstuk 4, gebruikmakend van data van

een uitgebreide meetcampagne. De drempel kan worden beschreven als een

onvolkomen (verdronken) brede zĳ-overlaat, waarbĳ zowel boven- als bene-

denstroomse hydraulische condities de afvoerverdeling en het stromingspa-

troon beïnvloeden. De meeste studies van zĳ-overlaten richten zich echter

op volkomen overlaten, waarvan de theorie de stroming in de huidige si-

tuatie kwalitatief toch goed beschrĳft. De hoek tussen de snelheidsvector

in de hoofdgeul en de rivieras neemt toe met afnemende langs- en dwars-

afstand tot de kop van de langsdam. Daarnaast neemt deze hoek toe met

toenemende hoogte in de waterkolom boven de drempel. Het algemene

dieptegemiddelde stromingspatroon in de hoofdgeul kan kwalitatief goed

worden gereproduceerd met een potentiaalmodel van uniforme diepte, be-

staande uit een superpositie van uniforme stroming in de hoofdgeul en een

zĳ-uitstroom. Dit impliceert dat wrĳving niet van primair belang is voor het
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algemene stromingspatroon. De verticale structuur van de stroming wordt

bepaald door de geometrische details van de drempel. Hierbĳ is de stroming

meer parallel aan de drempel in de onderste helft van de waterkolom. De

morfologische stabiliteit van de oevergeul wordt met name beïnvloed door

aanwezigheid van de drempel, volgens algemene mechanismen voor stabi-

liteit van bifurcaties: de dwarshelling van de drempel limiteert bodemtrans-

port de oevergeul in (maar verhindert deze niet volledig), terwĳl de stap in

bodemhoogte door de drempel ter plaatse van de bifurcatie de suspensieve

fractie van het totale sedimentvolume dat de oevergeul bereikt vergroot.

In de hoofdgeul komen bodemvormen op verschillende ruimtelĳke

schalen voor: migrerende duinen (in de orde van 10 m tot 100 m) en niet-

migrerende hybride banken (in de orde van 1 km). De duinen zĳn morfolo-

gische instabiliteiten die interacteren met de stroming en de banken worden

veroorzaakt door een combinatie van externe forcering (rivierkromming)

en intrinsieke instabiliteit. InHoofdstuk 5wordt een ruimtelĳk en tempo-

reel uitgebreide dataset van de bodemligging geanalyseerd om variabiliteit

in duinkarakteristieken en het effect van niet-migrerende banken op dui-

nen te bestuderen. Duinen laten een significante variabiliteit in tĳd zien,

veroorzaakt door de hydraulische randvoorwaarden en door de ontwikke-

lingsgeschiedenis van de duinen. De ruimtelĳke variabiliteit van duinen

verbergt de correlatie van duinkarakteristieken met de onderliggende bo-

demtopografie op grotere schaal. Gemiddeld zĳn duinen echter langer, la-

ger, minder steil en hebben ze een kleinere lĳzĳdehoek als ze zich op de top

van een bank bevinden. Deze correlatie wordt verstoord als de duinen zich

in transitie bevinden, ver van evenwicht. Verder veroorzaakt het bankenpa-

troon een kanteling van de duinkammen, hoogstwaarschĳnlĳk gerelateerd

aan een dwarsgradient in bodemtransport. De constructie van grootscha-

lige kunstwerken zoals langsdammen beïnvloedt het ruimtelĳke bankenpa-

troon, maar de statistische eigenschappen van bodemvormen op kleinere

ruimtelĳke schaal (zoals duinen) worden niet direct beïnvloed.

Concluderend zĳn lokale processen sturend voor de stroming in de na-

bĳheid van het splitsingspunt en wordt de verticale structuur van de stro-

ming in de oevergeul gestuurd door de geometrische details van de drempel.

Morfologische instabiliteit van de oevergeul wordt primair bepaald door de

drempelgeometrie. De bodemligging in de hoofdgeul wordt significant be-

invloed door de aanleg van langsdammen op de schaal van het gehele langs-

damtraject. Kortom, langsdammen vormen een waardevolle aanvulling op

de bestaande maatregelen in het rivierbeheer, met veel ruimte voor sturing

van de water- en sedimentverdeling over de hoofd- en oevergeul. �
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