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Samenvatting

Rondom waterbouwkundige kunstwerken worden vaak lagen breuksteen aangebracht
om ontgronding te voorkomen. De stenen in deze bodembeschermingen dienen groot
genoeg te zijn om de krachten van het water te kunnen weerstaan. De bepaling van de
benodigde grootte wordt bemoeilijkt door het feit dat de stroming rond kunstwerken
niet uniform is. Voor deze niet-uniforme stromingen bestaan geen fysisch correcte for-
mules om de stabiliteit van de stenen te bepalen. De meeste stabiliteitsvoorspellers
zijn ontwikkeld voor uniforme stromingen. Ze gebruiken de gemiddelde stroomsnel-
heid om de kracht van het water op de stenen te bepalen. De fluctuaties van de
krachten die door de turbulentie in het water ontstaan worden impliciet verdiscon-
teerd in empirische factoren. Bij niet-uniforme stromingen verandert de verhouding
tussen de gemiddelde en de fluctuerende krachten, waardoor de formules niet meer te
gebruiken zijn. De grootte van stenen in een steenbestorting is dan niet meer goed te
voorspellen.

Schade aan bodembeschermingen is mede moeilijk te voorspellen doordat zowel
de posities van de stenen – die de sterkte van de laag bëınvloeden – als de turbulente
stroming nabij de bodem – die de kracht van het water op de stenen bëınvloedt – een
willekeurig karakter hebben. Verder zijn er tegenstrijdige opvattingen over de manier
waarop een steen wordt meegenomen door het water.

In dit project is vooral experimenteel werk verricht. Het doel was te achterhalen
hoe een turbulente stroming stenen van de bodem verplaatst. Dit werd gedaan op
een kleine schaal: een enkele steen werd beschouwd. Voordat dit soort experimenten
gedaan kon worden moest eerst bekend zijn wat een karakteristieke positie van die
enkele steen in een (willekeurig gestorte) laag stenen is. Daartoe is een mathematisch
model gemaakt dat bollen één voor één op een willekeurige plaats liet vallen. Met
de bodem die zo ontstond kon een schatting worden gemaakt van de karakteristieke
positie van een steen. Ook kon getoond worden hoe de vorm van het oppervlak van
de steenlaag naar een evenwicht tendeert onder invloed van de stroming.

Twee series experimenten zijn uitgevoerd. De eerste richtte zich op de relatie
tussen (instantane) stroomsnelheden nabij de bodem en krachten op een steen. De
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xii Samenvatting

tweede richtte zich op de relatie tussen structuren in de stroming (wervels) en de eerste
beweging van een steen. Bij deze experimenten zijn miniatuur drukmeters gebruikt,
alsmede de zogenaamde Particle Image Velocimetry (piv) techniek waarmee momen-
topnames van snelheidsvelden gemaakt kunnen worden. Een uniforme stroming, de
stroming benedenstrooms van een plotselinge toename van de bodemruwheid (begin
van een bodembescherming) en de stroming benedenstrooms van een afstap (model-
constructie) werden beschouwd. In de eerste serie was de modelsteen kubusvormig,
in de tweede serie werd een realistisch gevormde steen gebruikt.

Over het algemeen wordt gedacht dat de fluctuerende krachten op een steen worden
veroorzaakt door hetzelfde mechanisme als de gemiddelde krachten. Deze krachten
worden daarom aangeduid als quasi-stationair. De kansdichtheidsverdeling van deze
krachten is afgeleid en kon worden gebruikt om te verifiëren of de quasi-stationaire
krachten verantwoordelijk zijn voor de krachten op de stenen. Het bleek dat de
quasi-stationaire krachten voornamelijk corresponderen met de horizontaal gerichte
krachten op stenen die hoog boven de bodembescherming uitsteken. Ook de vorm
van de kansdichtheidsverdeling bij de stroming benedenstrooms van het begin van
een ruwe laag was goed voorspeld. Echter, voor beschutte stenen kunnen niet alle
krachtsfluctuaties verklaard worden met het quasi-stationaire mechanisme.

De quasi-stationaire krachtsfluctuaties hebben een lange duur, lang genoeg om de
steen te laten wegrollen.

De quasi-stationaire krachten worden veroorzaakt door drukverschillen die ontstaan
door de stroomlijnkromming die door de uitstekende steen zelf wordt gëınduceerd.
Echter, een turbulente stroming bevat altijd allerlei wervels en fluctuaties die drukver-
schillen veroorzaken – zelfs op een vlakke wand. Deze turbulente wanddrukken, gëınte-
greerd over het steenoppervlak, geven fluctuerende krachten op de steen. In een
verdere analyse van de eerste serie metingen is onderzocht in hoeverre deze krachten
significant kunnen zijn voor het verplaatsen van een steen. Op basis van de volgende
aanwijzingen werd geconcludeerd dat deze krachten inderdaad een significante bij-
drage leveren aan de totale kracht op de steen. Ten eerste heeft de kruiscorrelatie
tussen de horizontale en verticale kracht de vorm die behoort bij door turbulente
wanddrukken veroorzaakte krachten – vooral bij de steen die het minste uitstak. Ten
tweede vallen de dimensieloze spectra van de drukken op de steen benedenstrooms van
een afstap samen met die van de wanddrukken op een gladde wand benedenstrooms
van een afstap.

De wervels die de wanddrukken veroorzaken zijn klein, zodat de krachtsfluctuaties
een korte duur hebben. Daardoor zal deze kracht de steen over het algemeen niet
doen wegrollen, maar alleen laten trillen.

De turbulente wanddrukken veroorzaken significante krachtsfluctuaties bij lagere
uitstekingen en hogere turbulentiëıntensiteiten. Daarom is dit krachtsmechanisme
belangrijk voor de verplaatsing van granulair bodemmateriaal, vooral voor stenen die
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Samenvatting xiii

beschut zijn door andere stenen. Bij een bodem die door de stroming is uitgevlakt
zullen dit de kleinere stenen zijn, omdat die over het algemeen een lagere ligging
hebben. Voor stenen die minder beschut liggen lijken de turbulente wanddrukken
meer invloed te hebben op de verticale kracht dan op de horizontale kracht.

Tijdens de tweede meetserie zijn met behulp van de piv meettechniek de geor-
ganiseerde structuren in de stroming onderzocht die steenbeweging veroorzaken. In-
stantane stromingsvelden in het verticale vlak parallel aan de stroomrichting zijn
gemeten voor, tijdens en na het bewegen van de steen. Omdat de steen in sommige
gevallen maar eens per uur bewoog, werden de metingen volledig geautomatiseerd.
De structuren die leidden tot steenbeweging bleken kwalitatief gelijk te zijn voor de
uniforme stroming en de stroming achter een afstap. De steen bewoog tijdens de aan-
wezigheid van grootschalige gebieden met een verhoogde longitudinale, en een kleine
naar beneden gerichte, snelheid. Dit komt overeen met een verhoogde horizontale
quasi-stationaire kracht. Vaak krijgt de steen een eerste zetje door een intense, kleine
fluctuatie in de verticale snelheid. Deze fluctuatie is een teken van de aanwezigheid
van een dwars georiënteerde wervel die met de gemiddelde afschuiving in de stroming
meedraait, en die waarschijnlijk een doorsnede is van de kop van een hoefijzerwervel.
De kleine wervel veroorzaakt turbulente wanddrukken. Het eerste zetje zorgt ervoor
dat het blootgestelde oppervlak van de steen groter wordt, zodat de stroming meer
vat krijgt op de steen. Ook verandert de hoek van de steen ten opzichte van het
rotatiepunt. Dit alles zorgt ervoor dat de steen makkelijker beweegt.

Tenslotte is een methode geformuleerd om de stabiliteit van bodembeschermingen
onder niet-uniforme stromingen te evalueren. De methode gebruikt parameters die
berekend kunnen worden met een Reynolds-gemiddeld stromingsmodel. De profielen
van de gemiddelde snelheid en van de turbulentie-energie in de waterkolom boven
een bepaalde plek van een bodembescherming worden gebruikt om een lokale sta-
biliteitsparameter te formuleren. Dit is een aangepaste Shieldsparameter, waarin
alleen de quasi-stationaire krachten expliciet worden gemodelleerd. De verplaatste
hoeveelheid steen per eenheid van tijd en oppervlak (entrainment rate) wordt ge-
bruikt als een maat voor de schade. Uit conventionele metingen – met stroken van
stenen met verschillende kleuren – kan deze entrainment rate bepaald worden na
correctie voor het transport van steen binnen een strook. Een methode voor het
bepalen van deze correctie wordt gepresenteerd. Gemeten waarden van de nieuwe
stabiliteitsparameter zijn gecorreleerd met de dimensieloze entrainment rate. De re-
latief grote invloed van de turbulentie in deze parameter geeft aan dat de turbulente
wanddrukken een extra invloed op de steenstabiliteit hebben.
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Summary

Layers of stone or rock are often applied around hydraulic structures to protect the
sand bed from scouring. The stones in the top layer of these bed protections must
be large enough to withstand the hydraulic loads exerted on them. Determining this
size is complicated by the fact that the flow over a bed protection usually is non-
uniform, and no physically sound (design) formulae exist for estimating the stability
of stones under non-uniform flow. The stability parameters that are the basis of most
design formulae were developed for uniform flows. They use the mean velocity or
shear velocity to quantify the flow attack on the bed. The (force) fluctuations due to
turbulence are accounted for in empirical factors. Therefore, when the ratio of the
magnitude of the mean to the fluctuating forces changes (i.e. non-uniform flow), the
damage level cannot be predicted well.

Damage to bed protections is difficult to quantify objectively in consequence of
the random character of the problem. The positions of the stones – that determine
the strength of the bed protection – and the turbulent flow – which determines the
load – both have a random nature. An exact definition of damage is lacking as well.
Moreover, there are still conflicting notions about the exact entrainment mechanism
of bed material.

Experimental work was the core of this project. The aim was to determine which
kind of flow events remove a stone from the bed at a micro level. A single stone at a
characteristic position was considered. Before this could be undertaken the position
of the stone in the bed had to be known. To this end a mathematical model was
developed. This is a so-called discrete particle model for randomly and sequentially
deposited spheres. This model was used to obtain a first estimate of the position of
the most unstable stone on a flat bed. It was also used to illustrate how a bed can
reach an equilibrium state as a result of the attack by the flow, and it can give some
qualitative information about the structure of a bed. It was seen that even though
the bed is stochastic in nature, there exists a maximum protrusion of the stones.

Two experimental series were conducted. The first focussed on the relation be-
tween the velocity near and the pressure fluctuations on the bed material. The sec-

xv
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xvi Summary

ond focussed on the relation between flow structures and initial stone movement.
For these experiments two measurement techniques were deployed. One was the use
of miniature pressure sensors, used in both experimental series. The second was
two-dimensional digital Particle Image Velocimetry (piv), used in the second exper-
imental series. In the first measurement series, pressures on a bed-mounted cubical
model stone were measured. The cases of a uniform flow, a developing uniform flow
just downstream of an increase in bed roughness, and the flow behind a backward-
facing step were studied. In the second series the movement of stones with a realistic
shape was measured for the same flow conditions, except the developing flow.

It is generally thought that the fluctuating forces on bed material are generated
by the same mechanism as the mean forces. We will refer to these as quasi-steady
forces. The probability density function for the forces on bed material, based on the
quasi-steady force-generating mechanism, has been derived. This function was used
to check whether the quasi-steady mechanism is responsible for the forces on bed
material. From the measurements of the first series it was deduced that the quasi-
steady mechanism can account for the drag forces on exposed stones under uniform
flow. Also the influence of a sudden increase of bed roughness on the fluctuating drag
forces can be explained well by it. However, for shielded particles and flow behind
a backward-facing step the quasi-steady mechanism cannot explain all fluctuations
anymore. The largest quasi-steady forces have a long duration, long enough to make
the stone roll away.

The quasi-steady forces are caused by pressure differences due to the streamline
curvature that is caused by the presence of a stone protruding in the flow, hence the
name ‘form drag’. In a turbulent flow, however, acceleration of water parcels and
streamline curvature are always present, also without the presence of a stone that
forces this curvature. Therefore, turbulence near a wall creates fluctuating pressures
on the bed, even when it is smooth. These turbulence wall pressure fluctuations
(twp), when integrated over a stone, will result in net forces on the stone and therefore
contribute to the fluctuating forces on a stone.

In a further analysis of the first measurement series this different force-generating
mechanism is considered. Twp give a significant contribution to the fluctuating forces
under certain circumstances. This is deduced from the following evidence. First of all,
the cross-covariance of drag and lift has the shape predicted on the basis of convecting
twp, especially for the lowest exposure. Further, the dimensionless spectra of the
pressures on top of the stone downstream of a backward-facing step coincide with the
spectra of pressures on a smooth wall downstream of a backward-facing step, which
clearly illustrates that the quasi-steady mechanism is not applicable here. Even the
spectra of the drag force coincide with the smooth wall data, especially for a low
exposure of the model stone and high relative turbulence intensity.

The flow structures causing twp are small, so these forces have a short duration.
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Summary xvii

Therefore these forces by themselves will merely lead to a rocking motion of the stone.
The conclusion can be drawn that the twp give a significant contribution to the

force fluctuations for lower exposures and higher turbulence levels. Therefore, the
twp are of importance for the entrainment of granular material, especially for stones
that are shielded by other stones. In a granular bed that has been water-worked
this would be the smaller stones, as they generally have small exposures. For higher
exposures the relative influence of the twp on the lift force seems larger than it is on
the drag force.

In the second experimental series the flow structures that initiate stone movement
are obtained from piv measurements. Streamwise-vertical flow fields were measured
around the time of movement of a single stone. The frequency of movement of the
stone could be as low as one time per hour, therefore the measurements had to be
fully automated. It was seen that the flow structures that lead to stone movement
are similar for a uniform flow and a flow downstream of a backward-facing step. The
stone is entrained during the presence of large-scale areas with increased streamwise
and downward velocity. This coincides with the presence of an increased quasi-steady
force. Often the stone gets an initial lift (or rotation) by an intense, small-scale fluctu-
ation of vertical velocity. This fluctuation of the vertical velocity is usually connected
to the presence of a spanwise vortex, rotating in the direction of the mean shear,
which probably is a cross-section of a hairpin vortex. The initial lift of short duration
increases the exposed area and angle of repose such that the stone is moved more
easily by the increased streamwise velocity reaching the stone after the fluctuation in
vertical velocity. The small-scale force is related to the twp. One can state that in
general the stone is moved by an exceptional combination of two normal structures,
at least one of which has an exceptionally high magnitude. If both flow structures
work together they can make a stone rock and roll.

A method for evaluating the stability of bed protections under non-uniform flows,
using output of a three dimensional (Reynolds-averaged) numerical flow model has
been formulated. The profiles of the mean velocity and turbulence kinetic energy in
the water column above the bed are used to formulate a local stability parameter,
which basically is an adapted Shields parameter. Only the quasi-steady forces are
explicitly modelled. The (dimensionless) entrainment rate is used as a measure of
damage. It can be determined from conventional measurements (using strips with
coloured stones) when a correction is made for the transport within a strip. A method
for this is presented. Measured values of the new stability parameter are correlated
to the entrainment parameter. A relation between the stability parameter and the
entrainment parameter is given. The relatively large influence of the turbulence in
the stability parameter compared to the mean forces, indicates that the turbulence
wall pressures aid in the entrainment of stones.
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Chapter 1

Introduction

1.1 Background

Layers of stone or rock are often applied around hydraulic structures like weirs, spill-
ways, groins, revetments and breakwaters to protect the sand bed from scouring
(Schiereck, 2001). As the total surface area that has to be covered by these bed
protections is large, and the stones are not always readily available, the total cost of
these bed protections is considerable.

The stones in the top layer of these bed protections must be large enough to
withstand the hydraulic loads exerted on them. Determining this size is complicated
by the fact that the flow over the bed protections is – almost per definition – non-
uniform. However, no physically sound (design) formulae exist for estimating the
stability of stones under under non-uniform flow. Granular bed protections can further
be characterised by:

1
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2 Chapter 1. Introduction

• hydraulically rough flow regime (Re∗ � 500)1,

• low-mobility transport (Ψ � 0.05)2, which implies:

– bed load transport,

– sliding or pivoting motion of particles,

– no active bed forms, and

– flow as over a fixed bed,

• non-cohesive stones,

• narrow grading of sizes,

• angular stones, and

• non-equilibrium transport.

Figure 1.1: Left: laboratory model of a granular bed protection (present tests). Right: trial

bed protection with 10-60 kg rock (Meulepas et al., 1999).

1Re∗ is the particle Reynolds number ≡ u∗d/ν, where u∗ is the shear velocity, d the stone

diameter, and ν the kinematic viscosity.
2Ψ is the Shields number ≡ u2∗/(ρs/ρ − 1)gd, where ρs is the density of the stones, ρ the density

of water and g the gravitational acceleration.
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1.1. Background 3

Turbulence

Turbulence fluctuations3 of velocity and pressure are a key factor in the entrainment
of bed material, as the mean forces alone are often not large enough to displace
the particles (McLean et al., 1994; Kleinhans & Van Rijn, 2002; Schmeeckle &
Nelson, 2003, among others). However, the stability parameters that are the basis of
most design formulae were developed for uniform flows. They use the mean velocity
(Isbash, 1932) or shear velocity (Shields, 1936) to quantify the flow attack on the bed.
The (force) fluctuations due to turbulence are accounted for in empirical factors.
Therefore, when the ratio of the magnitude of the mean to the fluctuating forces
changes (i.e. non-uniform flow), the damage level cannot be predicted well. A very
clear example is the flow at a reattachment point behind a backward-facing step. Here
the mean velocity is zero, so zero damage is predicted by conventional formulae, while
in reality the damage is nearly maximal at this position. For existing geometries, ad-
hoc design formulae and empirical correction factors do exist, but these lack general
validity. Because of this, physical modelling is still necessary for the design of bed
protections in new configurations. Otherwise large safety factors have to be used.
Contrary to this lack of knowledge, the ability to compute the hydrodynamics has
increased immensely over the last decades.

Fluctuating forces can have several origins. They can be caused by vortices that
are shed from stones upstream, by turbulence that originates from the outer flow, or
by vortices shedding from the stone under consideration itself (Kalinske, 1947). These
origins are difficult to distinguish. Moreover the position of a stone determines the
flow around it, and the force to which it is susceptible. As the movement of a stone is
a sporadic event, the generation of extreme pressures by extreme flow events becomes
important.

Random character

Damage to bed protections is difficult to quantify objectively in consequence of the
random character of the problem (see figure 1.1). Both the positions of the stones
(which determine the strength of the bed protection) as well as the turbulent flow
(which determines the load on the structure) have a random nature. These two
important stochastic elements determine the average entrainment rate of bed material.
Hence damage to bed protections can be described by two probability distributions.
Key works on this notion were by Einstein & El-Samni (1949) and Kalinske (1947)
who studied the turbulence fluctuations in the context of sediment motion, and by
Grass (1970) who also included the randomness of the bed material. Some approaches

3For simplicity a broad definition of turbulence is used during this project. We will call all flow

structures that cause the velocity to fluctuate – except surface waves – to be turbulence. This is

valid as we do not treat the origin of the fluctuations, but only how these cause damage.
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4 Chapter 1. Introduction

exist that use probabilistic theory to evaluate damage, but many assumptions have
to be made in order to obtain the final estimate of damage. These are therefore not
yet better than other approaches.

Damage

The random character of the bed complicates things even further. Even a general,
consistent definition of ‘damage’ is not available. Damage usually builds up gradually,
which makes the formulation of a clear definition of it difficult. If a stone has moved
it is not clear whether this was a single stone in an awkward position, or whether
it represents the onset of ongoing damage. The fact that the value of the critical
Shields parameter can be chosen by the designer somewhere in the range of 0.02–0.05
is exemplary for this uncertainty. As the stone size is estimated on the basis of the
experience of an engineer, objective choices about failure probability and maintenance
frequency of bed protections are not possible.

Entrainment mechanism

Even if one were able to determine the statistics of the flow and of the bed arrange-
ment, another problem remains. The exact manner in which a stone is entrained by
the flow is not well understood either. There are still conflicting notions about the
exact mechanism of entrainment of bed material. For hydraulically rough beds, like
gravel bed rivers, the drag and lift force are usually assumed to be proportional to the
streamwise velocity squared, so that extreme values of this velocity component will
cause most transport of bed material. However, detailed measurements of both the
velocity near and the force on a stone do not substantiate this theory completely. For
instance, drag and lift coefficients fitted to the results differ for the instantaneous and
the mean force. In particular the extreme values cannot be predicted. This indicates
that other factors like the spatial variability of the flow near the bed and accelerations
also influence the forces on the stone (Schmeeckle & Nelson, 2003). For hydraulically
smooth beds, for instance, it has been stated that the pressure gradients under stream-
wise vortices create forces on the grains, which are thereby displaced (Gyr & Schmid,
1997). In this project it is examined which force-generating mechanisms significantly
influence the entrainment of stones.

Previous work

In the engineering field much practical experience on the design of bed protections has
been accumulated over the years. This has yielded a large amount of design rules and
of rules-of-thumb. For instance, in The Netherlands many physical model studies on
bed protections have been executed during the creation of the Delta Works. However,
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1.2. Aim and approach 5

the physical concepts on which all the practical knowledge is based, are still the same
as a century ago. The aspects of the turbulence and the random bed have hardly
been incorporated.

Further, on a more detailed and fundamental level, there has been much research
as well. For example, the forces on single stones on a bed, the origin of pressure
fluctuations on smooth walls under turbulent flows, and the origin of coherent flow
structures in various turbulent flows have been studied. These studies usually deal
with schematised geometries that are difficult to compare to practical situations.
Moreover, transport of gravel in rivers and seas is a field with intensive research.
Here mostly rounded gravel and uniform flow is dealt with. This has yielded a large
variety of literature in different fields, which could all be of importance to the present
work.

1.2 Aim and approach

In this project the physical mechanisms governing the entrainment of coarse particles
from hydraulically rough beds under low-mobility conditions are investigated. The
exact way in which turbulence affects the stability of stones under various flow types
is to be determined. Ultimately this knowledge is to be used to improve the present
stability or damage formulations for granular bed protections. This aim is reached in
the following steps.

First it is inspected how the extreme forces on the stones come about. Hence the
relation between the velocity field near the bed and the forces on the stone needs to
be understood. This relation is examined by regarding the relation between velocity
or acceleration components near the bed and pressures on the stones. Furthermore
it has to be determined which flow structures create these near-bed velocities and
accelerations, and can thus move the stones. This should reveal which length or time
scales of the velocity fluctuations displace the stone. This can give information that is
of importance to the modelling of damage. An example is whether the flow structures
that create the largest forces originate from the outer flow or from the bed.

The research is predominantly conducted on a micro-scale. A single stone is
considered. This is rarely done. Most research focusses on an integrated number of
displaced or transported stones. Under low-mobility transport conditions only a few
stones will move during such an experiment. This leads to a large uncertainty in the
experimental results. Moreover, the results are influenced by a number of factors with
an unknown influence, which are also difficult to distinguish and describe precisely,
like the shape of the bed material, the thickness of the granular layer, and the nature
of the near-bed turbulence. All of the above makes that the empirical results exhibit



�

�

“thesis” — 2005/10/16 — 15:17 — page 6 — #24
�

�

�

�

�

�

6 Chapter 1. Introduction

a large scatter. When regarding a single stone it is clear that the variability in the
movement of this single stone is due to the turbulence, while the stone itself remains
the same.

It is still difficult to fully resolve turbulent flows over a rough bed in a computation.
Therefore mainly experimental work was conducted. Measurements of pressures on
a bed-mounted cube were the focus of a first experimental series. Particle Image Ve-
locimetry (piv) measurements – where entire flow fields are measured instantaneously
– were the focus of a second experimental series.

In the experiments various degrees of turbulence were realised. The canonical flow
configurations of the uniform flow (normal turbulence intensity) and flow downstream
of a backward-facing step (increased turbulence intensity) were investigated in both
experimental series. In addition the flow just downstream of a smooth-bed-to-rough-
bed transition was investigated in the first series (deficient turbulence intensity).

As the position of the single stone that is studied is crucial for the way it is en-
trained, a numerical model was developed and applied to investigate the distribution
of the stone positions in a randomly deposited bed. From these results new infor-
mation became available about a typical position for an unstable stone, and the way
that damage can be defined. This was used, together with results from literature, to
determine the position for the single stone in the experiments.

In order to model damage to bed protections it is necessary to determine damage
from calculated flow fields. In most practical calculations only averaged or large-scale
flow parameters are obtained. Therefore a model was developed that determines
the flow attack on the bed protection from flow parameters that can be obtained
from numerical calculations. This model is compared to measurements of the (bulk)
entrainment of bed material.

1.3 Outline

The next chapter gives an overview of the current state of knowledge of flow and
turbulence, stone characteristics, forces on stones, coarse-sediment transport, and
existing design formulae. Then, in chapter 3, a numerical model is used to gain more
insight in the positions of stones in a granular bed. This was needed to choose a
suitable position for the moving stone in the experiments. Two measurement series
were carried out. The experimental arrangements of these measurement series are
described in chapter 4. In chapter 5 a first analysis of the first experimental series is
given, focussing on the generally used quasi-steady forces, whereafter chapter 6 deals
with the turbulence-induced forces due to accelerations in the flow that are caused
by turbulence vortices. In chapter 7 the results of the second experimental series are
used to see which flow structures actually move stones from a bed under various flow
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conditions.
In the first seven chapters a bottom-up approach is used, where the processes

are studied rather fundamentally. In contrast, in chapter 8 an improved practical
approach is developed to evaluate the stability of bed material under non-uniform
flows. This approach is based on several notions that were treated in the preceding
chapters. Here it is evaluated how well a calculated flow field can be used to predict
damage to bed protections.

Chapter 9 summarises the conclusions and ends with recommendations.
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Chapter 2

Governing Processes and

Parameters

2.1 Introduction

This chapter deals with literature that is useful as a background for the present
detailed examination of stone stability. As detailed studies on granular beds and
turbulence specifically aimed at bed protections are rare, other fields of research are
also used, like research on gravel-bed rivers, research on turbulence wall pressures and
research on coherent structures.

First, flow and turbulence characteristics in general are discussed, which are of
importance to the present experiments. Besides the classical statistical turbulence
theory, coherent flow structures in uniform, open-channel, rough-wall flows are de-
scribed. Then some features of turbulence wall pressures – which might influence
stone stability – are presented. The flow configurations used in the present experi-
ments are the uniform flow, the backward-facing step flow and a transition from a
smooth bed to a rough bed. Some characteristics of these flow configurations are
described as well.

In order to understand the processes causing damage to granular bed protections,
the stability of the separate particles must be evaluated. The hydrodynamic forces
on the particles are very important for understanding this stability. Section 2.3 deals
with these forces.

The next section gives a description of research on the processes of entrainment
of particles. The research discussed is quite diverse, and deals with aspects like: the
influence coherent structures on the initiation of motion of bed material, and the
influence of a non-uniform turbulence structure on the initiation of motion.

9
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10 Chapter 2. Governing Processes and Parameters

Section 2.5 focuses on the stability of an entire bed. A description of some bed load
transport formulas is given. Some parameters that can be used for the determination
of ‘damage’ are defined and their relation is discussed. Several basic aspects of the
influence of turbulence on stone stability and transport are treated as well. The
stochastic approach of treating transport and entrainment is also discussed.

The characteristics of stones in a granular bed which can influence stone stability
– like position, shape, size and orientation – are treated in section 2.6, both for single
stones and for an entire bed.

The present day engineering approach for designing stable bed protections, which
is largely based on the formulae treated in section 2.5, is explained in section 2.7.

2.2 Turbulence and flow properties

In this section some characteristics of the flow configurations used during the present
experiments (see chapter 4) are discussed. Mainly research on turbulence in rough-
bed flows is described. In the following x, y, and z denote the streamwise, upward,
and transverse coordinate respectively, and u, v, w the velocity components in the
respective directions. Variables can be split in a stationary mean part (e.g. u) and a
fluctuating part with zero mean (e.g. u′).

Hydraulically rough flow is characterised by a large particle Reynolds number
Re∗ ≡ u∗d/ν � 70 where u∗ ≡√τb/ρ is the shear velocity, τb the bed shear stress, ρ

the density of water and ν the kinematic viscosity.

2.2.1 Open-channel flow over a rough bed

For uniform flow over a rough bed, the mean velocity profile is given by the law-of-
the-wall:

u =
u∗
κ

ln
y

y0
, (2.1)

where κ is the Von Karman constant and y0 the roughness length. Eq. (2.1) is
only valid for a part of the depth, h: 150y0 � y � 0.2h. The roughness length is
proportional to the diameter of the roughness elements, d. For flow over sand glued
to a flat bed, Nikuradse (1933) found y0 = d/30. However, for a bed with randomly
placed stones, this value can increase up to values of y0 ≈ d/10. In addition to the
constants κ and y0, eq. (2.1) has a third unknown empirical constant: the position
of the theoretical bed, y = 0. In contrast to a smooth bed, this is not clearly defined
for a granular bed. Estimates for the level of the theoretical bed vary from 0.35d

to 0.15d under the tops of the roughness elements (Nikora et al., 2002). The flow
– and especially the turbulence fluctuations – near the rough bed (y � 150y0) is
still influenced considerably by the shape of the bed and represents the so-called
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roughness sublayer. Between the roughness elements the average velocity profile is
approximately linear (Nikora et al., 2001b).

The standard deviation of the velocity components, σ(ui), is approximated by
Nezu & Nakagawa (1993), as:

σ(ui)
u∗

≈ αi e
−y/h , (2.2)

The values given for the empirical factor αi are: αx = 2.30, αy = 1.27, and αz = 1.67.
The values of σ(ui)/u∗ near the bed differ from eq. (2.2), especially for smooth beds.
Flow near a rough bed is more isotropic: the peak value of σ(u)/u∗ is about 2.8 for
a smooth bed compared to 2.0 for a rough bed. Outside the roughness sublayer most
turbulence statistics are rather similar for smooth and rough beds. This is called wall
similarity. A difference is that the integral time scale (i.e. the time lag for which the
autocorrelation of u becomes zero) is somewhat shorter for a rough bed. For beds
with a large relative roughness (y0/h � 150) the fluctuating velocities deviate from
eq. (2.2) (Wang et al., 1993).

In an equilibrium flow the Reynolds stress (outside the roughness sublayer) is
given by:

−u′v′ = (1 − y/h)u2
∗ . (2.3)

When secondary currents due to sidewalls or an acceleration of the flow are present
the terms − ∫ h

y v ∂u
∂ỹ dỹ−∫ h

y
∂u′w′

∂z dỹ should be added to the right hand side of eq. (2.3)
(Nezu & Nakagawa, 1993).

Coherent structures

Turbulent flows are highly variable and chaotic. Still certain similar flow patterns can
be observed repeatedly, the so-called ‘coherent structures’. Transport of stones at low
hydraulic loads is mainly determined by the extreme values of the fluctuating forces.
If these extreme forces can be linked to a certain kind of flow structure then a model
for damage to bed protections can be based on characteristics of this structure (e.g.
size, intensity, frequency of occurrence).

The well-known bursting process is the turbulence generation mechanism near
smooth walls (Robinson, 1991, gives a review). Undulations of the laminar sublayer
grow into hairpin vortices which become unstable, and intermittently fluid is injected
into the outer flow, the ‘burst’. Between the legs of the hairpin – which form counter-
rotating, streamwise vortices near the wall – elongated low momentum streaks are
formed, with a typical spanwise spacing of λz ≈ 100ν/u∗. This process has a smaller
scale than the stones on a rough bed, so it has to be different for rough walls. The
larger isotropy of the turbulence above rough beds reflects this difference. In the fol-
lowing we focus on coherent structures over rough beds with high Reynolds numbers.



�

�

“thesis” — 2005/10/16 — 15:17 — page 12 — #30
�

�

�

�

�

�

12 Chapter 2. Governing Processes and Parameters

Raupach (1981) applied a quadrant analysis to point velocity measurements of a
rough-bed flow. Near smooth beds the quadrant where the (u′,v′)-vector is present
(Qi, i = 1, 2, 3, 4) has been shown to be linked to the kind of coherent structure
present. These quadrants are also linked to the sign of the instantaneous Reynolds
stress, −u′v′. Therefore Q4 (u′>0, v′<0) and Q2 (u′<0, v′>0) events occur most
frequently, as in these quadrants −u′v′ > 0. So a quadrant analysis gives information
on how the average Reynolds stress is generated as well. Q4 events were seen to
become the most important contributions to the Reynolds stress near rough walls
(y/h � 0.1), in contrast to smooth wall flows where Q2 events are most important.
Further from the wall the contributions of Q2 and Q4 events are similar to those over
the smooth wall surfaces (i.e. wall similarity). The names that are often given to the
various events are taken from the research over smooth walls: outward interaction,
ejection, inward interaction, and sweep for quadrants 1 to 4 respectively. As for rough-
bed and non-uniform flow the link between a certain structure and the quadrant of
the velocity vector is less clear, we will refer for instance to a Q4 event instead of a
sweep.

The smooth-wall bursting process is usually regarded as a near-wall phenomenon.
However, the outer flow is also seen to contain coherent structures, roughly consist-
ing of wedge-shaped areas with uniform momentum bordered by small-scale vortices
(Grass, 1971; Nezu & Nakagawa, 1993; Buffin-Bélanger et al., 2000). These struc-
tures have also been described as large ‘rollers’ (spanwise vortices), covering the wa-
ter depth, and with average longitudinal dimensions of 4 to 5 times the water depth
(Tamburrino & Gulliver, 1999; Shvidchenko & Pender, 2001). The largest structures
are influenced by the upper boundary of the flow, so differences are expected between
pressurised flow, open-channel flow, and developing boundary layers, more so than
for the near-bed flow structures.

Adrian et al. (2000b) proposed a model for the structure of the outer flow (see
fig. 2.1) based on smooth-wall boundary layer experiments with Reδ ≡ u0δ/ν ≈
7000 (δ is the boundary later thickness and u0 the free stream velocity.) Hairpin
vortices originating from the bed align with their heads on straight lines, forming
‘hairpin vortex packages’ (hvp). The induced flow under these vortices causes the
fluid under them to retard uniformly. The structures can grow well into the outer
flow, where they become broader, weaker, and are advected faster. They can also
be nested inside each other. The hvp-model does not include a description of flow
structures with increased velocities. Hvps are also observed in high Reynolds number
atmospheric boundary layers (Hommema & Adrian, 2003). In a gravel-bed river
with Re ≡ 〈u〉h h/ν ≈ 1.4 · 105 (〈u〉h is the depth-averaged u) Buffin-Bélanger et al.
(2000) measured velocities simultaneously at three (varying) positions over the depth.
Large-scale wedge-like flow structures with either increased or decreased velocity over
most of the depth were present, with a front tilted in the streamwise direction with an
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legs of
hairpin vortex

head of
hairpin vortex

Q4 event

Q2 event

uniformly
slow fluid

approximate
border of HVP

Figure 2.1: Model of hvp, viewed from the side. Flow is from left to right.

average angle of 36◦ with the bed, and length scales1 of 2–5h (on average 2–3h). Flow
structures can become very large. In pipe flow, energy was measured at wavelengths
of fourteen pipe radii (Kim & Adrian, 1999). This was thought to be caused by the
alignment of several hvps.

Tomkins (2001) measured hvps in boundary layer flow over a rough wall consisting
of hemispheres placed with a low density with Re∗ ≡ u∗d/ν = 200 and 400 (d is
the sphere diameter). The packets had upstream slopes with angles to the wall in
the range of 10–20◦. The maximum length scale in the streamwise correlation for
Re∗ = 400 was 0.6δ compared to 0.74δ for the smooth wall. It was conjectured that
this was due to the disturbance of the organisation of the vortices by the roughness
elements. Near the roughness elements (for Re∗ = 400) Q2 events were observed at
y+ ≈ 100 that were much larger than the average Q2 event over a smooth wall. It was
conjectured that the strong hairpin vortices that create these events are introduced
into the layer by the roughness elements, and adopt the scale of the elements.

Hairpin or horseshoe vortices are a common flow structure in wall flow. They can
be created by various mechanisms. In the standard mechanism the hairpin vortices
are created by the instability of the near-bed laminar sublayer. A second mechanism
is the shedding of hairpin vortices from roughness elements on the bed (Arcalar &
Smith, 1987). Hairpin vortices can also be created by strong, existing hairpin vortices
(Zhou et al., 1999). In the x-y plane the heads of these vortices appear as a vortex
with a Q2 event near it, which is caused by the presence of the legs of the vortex, see
fig. 2.1.

The low-speed streaks that are bordered by elongated counter rotating streamwise
vortices are visible in rough-wall experiments as well (Grass & Mansour-Tehrani,

1Only the time scales were given. The length scale is simply estimated here as 〈u〉h T , where T

is the duration of the increased velocity
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1996; Defina, 1999). Grass & Mansour-Tehrani (1996) found that the spanwise spac-
ing of these structures near rough walls is λz ≈ 100νt/u∗ instead of λz ≈ 100ν/u∗ (νt

is the turbulence viscosity). Away from the wall λz ≈ 4y (Defina, 1999).

Turbulence Wall pressure fluctuations

Booij (1998) states that pressure fluctuations caused by turbulent eddies could con-
tribute considerably to the forces that initiate motion of bed particles. These pressures
also act on a smooth wall and are known as turbulence wall pressures (twp). They
have mainly been studied in other fields of application (e.g. naval and acoustical); yet
numerous aspects are of interest to the present research.

Pressure fluctuations on the bed can be obtained by solving the Poisson equation
for fluctuating pressures, p′ (Chang et al., 1999):

∇2p′ = −2ρ
∂ui

∂xj

∂u′
j

∂xi
− ρ

∂2(u′
iu

′
j − u′

iu
′
j)

∂xi∂xj
, (2.4)

where i, j = x, y, z. It follows from the Poisson equation that twp in an incompressible
fluid are caused by the velocity fluctuation gradients in the entire fluid domain at
a certain moment, although the contribution of a single source decreases with its
distance from the wall. Different regions of the pressure spectrum are influenced
by sources from different regions. In general, lower-frequency twp are caused by
larger-scale fluctuations further away.

A number of power-laws have been predicted for the power spectrum of the twp

under an equilibrium boundary layer flow, which is examined most often. Some power
laws have also been measured (Gravante et al., 1998; Farabee & Casarella, 1991).
In the low-frequency range (2πfδ/u∗ < 5, f is frequency) the spectra collapse on the
outer variables δ, and u∗, although other variables are possible (u is proportional to
u∗, for instance). Farabee & Casarella (1991) state that the scaling behaviour in the
low-frequency range will be different in pressurised flow, due to the different upper
boundary. The length scale h will be more appropriate than δ. In the mid region
(5 < 2πfδ/u∗ < 100) the spectrum is quite flat. The scaling variables used for the
high-frequency range are ν and u∗. A frequency range exists where the spectrum
scales on both inner and outer variables (100 < 2πfδ/u∗ and 2πfν/u2∗ < 0.3). Here
the spectrum would decrease as f−1. The velocity sources of these pressures are
thought to be situated in the log-region of the boundary layer. The width of this
range increases with increasing Reynolds number. In the high-frequency range (0.3 <

2πfν/u2
∗), a power law according to f−7/3 is predicted, but it has not clearly been

measured in an equilibrium boundary layer flow. For the highest, viscosity dominated,
frequencies, a power law of f−5 is predicted.
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Based on these scaling laws Farabee & Casarella (1991) proposed the following
relation for the variance of the twp for Reδ > 333:

σ(p′)2

τ2
w

= 6.5 + 1.86 ln
(

Reδ

333

)
. (2.5)

Only one paper was found which presented measurements of twp on a rough wall
(Blake, 1970). Measurements were done under an equilibrium boundary layer on
both smooth and rough walls. The scaling and shape of the spectrum appeared to be
similar for both walls, with the distinction that the length scale that can be used to
collapse the high-frequency part of the rough wall spectrum is the roughness height, d,
instead of the viscous length scale (ν/u∗). The dimensionless frequency and spectral
density, Gpp, for which the high frequency part of the pressure spectra collapse, are
now: f+ = fd/u∗ and G+

pp(f+) = Gpp(f)u∗/τ2
bd. For the low frequencies the wall

pressures under a rough boundary layer flow show the same scaling behaviour as for
the smooth wall. Also the influence of various spatial densities of roughness-elements
was investigated. The spacing between the roughness elements is of influence to a
lesser extent than their height. The r.m.s. value of the pressure fluctuations (scaled
by the dynamic pressure) was found to be roughly equal to that on smooth walls,
although the value was different than found in later research.

Pressure fluctuations with a value of four times the standard deviation of the
twp have been found in windtunnels (Schewe, 1983). This implies that the twp

can become very large, and possibly influence the stability of stones. Correlation of
pressures with velocities did give clear origins for positive pressures. They appear
to be located near shear layers with a velocity deficit, followed by fast moving flow.
However, no clear velocity sources have been found for the negative pressures.

Uittenbogaard et al. (1998) developed a model, based on eq. (2.4), that derives the
fluctuating pressures on the bed from calculations with a k-ε model. The calculated
turbulence kinetic energy k and the dissipation ε are integrated via weighting functions
to obtain an estimate of the standard deviation of the twp. The assumption of
u′/u � 1 is made, so it is not generally applicable. Moreover, the model is derived
from the first (mean-shear) term in eq. (2.4). The second (turbulence-turbulence)
term is neglected. This term was proven to account for only a little over 50% of the
pressure fluctuations under a channel flow by (Chang et al., 1999), so the model is far
from perfect. It might be used to obtain an indication of the relative change of twp

under a non-uniform channel flow (under the assumption that the magnitudes of the
mean-shear and turbulence-turbulence term are correlated). The model has not been
calibrated or validated extensively by measurements until now.
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2.2.2 Backward-facing step

A characteristic of flow passing hydraulic structures is the separation of the flow. In
a separated flow the turbulence intensity is increased, which can cause an increased
attack on bed protections. A basic example of a separating flow is the flow over
a backward-facing step. This configuration is used to model a flow with increased
turbulence intensity in the measurements described later.

Also for flow downstream of a backward-facing step the Reynolds number(s) must
be high enough to represent environmental flows. Behind a backward-facing step a
recirculating eddy develops. Between this eddy and the upper (faster) flow a mixing
layer is present where turbulence is generated. In open-channel smooth-bed flows
the upper flow was seen to reattach to the bed at about 5 to 6 step heights, hs,
downstream of the step, for Re ≈ 1–4·104 and Fr ≡ 〈u〉h /

√
gh = 0.12–0.33. The flow

reattached further from the step for lower Re, and a higher Fr seemed to increase the
reattachment length (Nakagawa & Nezu, 1987). Xingkui & Fontijn (1993) measured
negative drag forces on a bed element at ten step heights behind a bfs with a high
Fr and a rough bed downstream of the step.

Downstream from the reattachment point a new boundary layer starts to develop,
and the turbulence intensity originating from the mixing layer decays to the value for
a uniform flow. The following relation is proposed for the depth-averaged normalised
turbulence intensity 〈ru〉h (≡ 〈σ(u)〉h / 〈u〉h) behind a bfs (Schiereck, 2001):

〈ru〉h =

√
0.5k0

[
1 − hs

h

]−2 [ x

6.67h
+ 1
]−1.08

+ 1.45 cf , (2.6)

where k0 = kmax/u2
0 in the centre of the mixing layer (≈0.045), u0 is the average

velocity on the step, cf the friction coefficient u2
∗/ 〈u〉2h, and x = 0 at the reattachment

point.
A large number of flow processes occur in this complicated flow. Downstream from

the separation point a mixing layer is present where Kelvin-Helmholz instabilities are
generated. These instabilities roll up and form spanwise vortices. These vortices pair
to form larger structures. They also become unstable over their rotational axis and
develop into three-dimensional turbulence. At the reattachment point flow structures
with a size of the order of the step height are observed. Also a low-frequency flapping
motion of the separation bubble is reported, with frequencies about eight times lower
than the large scales arising from the mixing layer. This is thought to be caused by
the entrainment of fluid by the mixing layer, which is released periodically from the
recirculation area (Lee & Sung, 2002). Downstream of the reattachment point in the
relaxation zone, both large-scale, two-dimensional structures from the mixing layer
are observed, as well as vortex packages with higher intensities than for a uniform
flow (Kostas et al., 2002).
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2.2.3 Roughness transition

Bed protections are usually placed on a sand bed, which has a smaller hydraulic rough-
ness than the stones of the protection layer. The mean velocity and turbulence of the
flow reaching the increased roughness are not immediately adapted to it. This sudden
increase in roughness gives rise to another non-uniform flow that is characteristic for
bed-protections. It is also studied in the present experiments.

Flow over a transition from a smooth bed to a rough bed is characterised by a
newly developing internal boundary layer, on the basis of the increased roughness.
Nezu & Tominaga (1994) found that in the very first part the bed shear stress was
highly increased. This can be explained by the large near-bed velocity of the smooth-
wall velocity profile that ‘hits’ the first bed elements. The bed shear stress decreases
very rapidly, over a length of one to two times the depths, to the equilibrium value for
the rough bed. Conversely, Chen & Chiew (2003) found a more gradual change of the
bed shear stress from the low magnitude of the smooth bed to the large magnitude of
the rough bed over about 10h. The second-order moments of the velocity fluctuations
take a longer distance to adapt (Chen & Chiew, 2003).

2.3 Forces on a single stone

Drag and Lift, the two components of the hydrodynamic force that acts on a stone, are
discussed in this section. The drag and lift force are defined here as the streamwise
and vertical force components respectively. Basic knowledge about these forces is
treated briefly. Subsequently the various definitions used for drag and lift forces on
stones are discussed. Then the more empirical results on drag and lift on particles
that are part of a rough bed are given.

2.3.1 Basics

Steady drag. The classic example of a drag force on a body is the case of a sphere
in an infinite, uniform flow field of an incompressible fluid with velocity u. The
parameter that determines the magnitude of the drag force on this sphere is the
Reynolds number, Re ≡ ud/ν where d is the diameter of the sphere. For low Reynolds
numbers (Re � 1, the Stokes regime) the resistance is dominated by viscous stresses
(skin drag). For higher Reynolds numbers the laminar flow separates from the sphere
and the stagnation pressure starts to influence the drag force (form drag). For still
higher Reynolds numbers the wake becomes unstable, first with periodic oscillations
(Re ≈ 102), later with a turbulent wake (Re � 103). At these high Reynolds numbers
the skin drag becomes negligible and the drag force is given by:

FD = 1
2CDρAu|u| , (2.7)



�

�

“thesis” — 2005/10/16 — 15:17 — page 18 — #36
�

�

�

�

�

�
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where CD is the drag coefficient and A is the project area of the particle. At even
higher Reynolds numbers (Re ≈ 2.5×105) the drag coefficient for the sphere decreases
(the ‘drag crisis’) due to the transition of the boundary layer on the sphere from
laminar to turbulent, which causes the wake to decrease in size. When the sphere
is rough, the Reynolds number at which the drag crisis occurs becomes lower. For
objects with sharp edges CD remains constant for high Reynolds numbers.

Dynamic drag. A pressure gradient also gives a net force on a particle. An example
is the buoyancy force due to the hydrostatic pressure gradient. When the sphere is
accelerating relative to the flow, an extra force is exerted on the sphere in consequence
of the acceleration of the fluid surrounding the sphere – the added mass. These two
forces combined are given by (Maxey & Riley, 1983):

�F = ρV
D�u

Dt
+ ρV Cm

(
D�u

Dt
− d�vp

dt

)
, (2.8)

where Cm is the added mass coefficient, and �vp the velocity of the particle.
Booij (1998) states that turbulent eddies could contribute considerably to the

forces that initiate motion of bed particles via eq. (2.8). He estimates that eddies
twice the size of a stone give the most effective pressure gradient for moving a stone.
Larger eddies have a smaller gradient, and the net forces due to pressure fluctuations
created by smaller eddies is negligible due to phase cancellations when integrated over
the surface of the stone. In places like a stagnation point, with negligible flow velocity,
these forces could be a major contribution to the force.

Lift. When a sphere is surrounded by a flow with a velocity gradient normal to the
flow direction, the velocity difference over the sphere results in a lift force. Asym-
metrical and rotating bodies can also produce an asymmetrical pressure distribution,
and therefore a lift component.

An estimation of the lift force on a particle can be obtained from potential flow
theory. Auton (1987) determined an equation for the lift force on a sphere in inviscid,
rotational flow. It reads:

�F = ρ C′
LV �u × �ω , (2.9)

where C′
L is a lift coefficient, V the volume of the sphere, and �ω the vorticity. For a

particle on a flat bed the following approximations can be made: V ≈ d3, �u × �ω ≈
u ∂u/∂y �ey, ∂u/∂y ≈ u/d, and A ≈ d2, which – when substituted – transform eq. (2.9)
into almost the same form as eq. (2.7):

FL = 1
2CLρAu2 . (2.10)

Vortex shedding from an object in free shear flow can also give rise to large lift
force fluctuations, resulting in a mean lift force in the opposite direction to that given
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by eq. (2.9) (Moraga et al., 1999). The exact interaction of these two mechanisms,
the influence of a wall, and the importance for non-spherical particles on a bed is not
yet understood.

Near-wall particles. Determining the value of the forces on particles near or on a
(rough) wall becomes more difficult. One complicating factor is the random character
of the rough wall. Both the near-bed flow profile and the exact shape of the rough
wall are difficult to define, which makes quantification of the forces hard. Generally
the drag force follows eq. (2.7), but the lift force can deviate from eq. (2.10).

Many different definitions are used for the parameters in eqs. (2.7) and (2.10).
Therefore mutual comparison of CD and CL values is difficult. Only rough estimates
can be made. For instance, Benedict & Christensen (1972) compared their calculated
lift forces with the experimental results of Einstein & El-Samni (1949) and Chepil
(1958). To this end many assumptions about the experimental works had to be
made. The calculated lift forces resembled those measured. Nevertheless, doubt
remains about the validity of the comparison.

Different definitions lead to different values of C. For example, the drag coefficients
CD,0.15, CD,0, and CD,∗, which are defined using u at 0.15d above the top of the sphere,
u measured at the height of the centre of the sphere, and u∗, respectively, can differ
by an order of magnitude. The flow velocity near the bed has a large vertical gradient,
making the values of CD and CL very sensitive to the choice of the y-coordinate. The
area A can be the entire projected area or the exposed part of it. In the equation for
the lift force, A can be the plan area of the stone, or a representative area around
the protruding stone. These differences make mutual comparison of CD- or CL-values
from literature difficult. For a sphere the area used in eqs. (2.7) and (2.10) usually is
πd2/4. The various definitions are discussed in Hofland (2000).

The main results found on lift and drag forces are presented below. Especially
experiments dealing with uniform flow over rough boundaries are treated. The rough-
ness elements generally used are spheres.

2.3.2 Drag force

In the previous section some basic features of the drag force were already mentioned.
Usually eq. (2.7) is assumed to describe the mean drag force. The drag coefficient
becomes fairly constant for high particle Reynolds numbers, but most authors still
find a small dependency of CD on the particle Reynolds number.

Spheres in a closely packed arrangement all give an equal contribution to the
bottom friction, consisting of the drag force on the sphere divided by its surrounding
(hexagonal) area. Therefore the value of the drag coefficient can be determined exactly
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at CD,∗ = 4
√

3/π ≈ 2.2 (Watters & Rao, 1971). This corresponds to2 CD,0.15 ≈
0.3± 0.05. Xingkui & Fontijn (1993) measured the drag on a naturally formed stone
between other natural stones placed on a flat bed, so with approximately the same
protrusion of the top of the particle above the mean bed level, Π. They found a
comparable CD,0.15 = 0.36.

For more complicated geometries of the bed, every element is subject to a different
drag force. Chepil (1958) did measurements on hemispheres spaced three diameters
apart in a hexagonal arrangement, resembling a ‘natural’ spacing of the upper stones,
which are moved most easily. For these hemispheres Π/d ≈ 0.5. A linear regression
through his data points of friction velocity versus lift force yields CD,∗ ≈ 5 and
CD,0.15 ≈ 0.26. In another paper Chepil (1959) concluded that these upper grains
take up two thirds of the drag on the bed.

For single spheres on top of other spheres values were found that closely resemble
the values of the drag on a sphere in free fall where CD,0 ≈ 0.4 (Coleman, 1967;
Coleman, 1972; Patnaik et al., 1992). The reference velocity now is the velocity at
the centre of the sphere, without the sphere present. Extrapolating the velocity yields
CD,0.15 ≈ 0.23 and CD,∗ ≈ 18.3.

It can be concluded that using u0.15 as the reference velocity in eq. (2.7) leads
to a rather constant drag coefficient for all protrusions, CD,0.15 ≈ 0.23–0.3. The
velocity measured at this height was found to have more special meanings. First, the
correlation between the instantaneous velocity at this height and the drag force was
maximum (Xingkui & Fontijn, 1993). Secondly, Einstein & El-Samni (1949) found a
constant CL for different flow velocities at this height.

Fluctuations. Kalinske (1947) gave two possible sources for fluctuating (drag)
forces on a particle. The first was the unsteady separation of the flow from the par-
ticle. The second was the larger-scale turbulence fluctuations from the main stream.
If the ambient flow velocity is rather uniform, does not change too rapidly in time,
and |u′| � u, then the fluctuating drag force changes according to eq. (2.7) for the
steady force, so the quasi-steady fluctuating force – without contributions of eq. (2.8)
– becomes proportional to:

F ′
D ∝ uu′ . (2.11)

However, close to the bed the extreme values of |u′| can have the same order of
magnitude as u. Generally |u′| < u still holds for a uniform flow. Then u|u| = u2 and
the quasi-steady force will be:

F ′
D ∝ uu′ + 1

2u′2 − 1
2σ(u)2 . (2.12)

2The velocity is extrapolated using the logarithmic velocity profile [eq. (2.1)] with y0 = d/30 and

the theoretical zero level at ≈ 0.2d under the top of the sphere.
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Not many direct simultaneous measurements of �u′ and �F ′ have been made to validate
eqs. (2.11) and (2.12). Examples are Radecke & Schulz-DuBois (1988), Xingkui &
Fontijn (1993) and Schmeeckle & Nelson (2003). Schmeeckle & Nelson (2003) tried
to predict the fluctuating and mean drag on a particle for a constant CD but the
fluctuations were overpredicted by about 30%. They attribute the difference to the
influence of the added mass and pressure gradient, eq. (2.8). For stones with a low
protrusion, experimentally determined values for the ratio σ(FD)/FD are in the range
of 0.4–0.8 (Chepil, 1959; Cheng & Clyde, 1972; Xingkui & Fontijn, 1993). This
means that the fluctuating part of the drag force is of the same order of magnitude
as the time-averaged force, and should be taken into account when examining stone
stability.

2.3.3 Lift force

The lift coefficient also becomes fairly constant for high Re∗. Pressures around the
particle are then proportional to the stagnation pressure. But the variation of this
force with varying particle orientation is less predictable. The force is negative (di-
rected towards the boundary) for certain positions at low Re∗. When Re∗ > 100 the
lift is mostly found to be positive. At high Re∗, values of 0.15 to 0.22 are found for
CL,0.15, when the particle is placed between other particles (Einstein & El-Samni,
1949; Xingkui & Fontijn, 1993; Benedict & Christensen, 1972). The measurements
of Chepil (1958) indicate that CL,0.15 ≈ 0.23 for the configuration with hemispheres
spaced three diameters apart. Based on the same data Wiberg & Smith (1985) find
CL,t ≈ 0.2 where CL,t is based on the velocity at the level of the top of the spheres.

A sphere located on, or just above a boundary clearly has different lift charac-
teristics. For a sphere just above a smooth wall Willets & Murray (1981) found a
negative lift when a small gap, G, is present between the sphere and the wall: G/d =
0.05–0.1. On rough surfaces, it is well possible that no negative lift will occur, as
the gap between the particle and the bottom has an entirely different shape. Patnaik
et al. (1994) measured lift on a sphere on a rough bottom in a windtunnel with high
Re∗ and a high ratio of particle size to boundary-layer thickness, d/δ = 0.2–0.5, which
does not seem realistic for bed protections. They found CL,0 ≈ 0.1–0.4. CL,0 was de-
creasing for increasing Reynolds number and increasing d/δ. Coleman (1967) found
higher values for CL,0, but as he determined the lift force from a force balance using
the critical flow velocity and the measured drag force, this was more an indication of
the maximum force occurring during the measurement.

Fluctuations. For the fluctuating part of the lift force the following relation is
proposed by Radecke & Schulz-DuBois (1988):

F ′
L ∝ auu′ + buv′ . (2.13)
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The first term on the right-hand side is caused by the Bernoulli-effect. Like the
fluctuating drag force, it is the linear expansion of eq. (2.10). The second term is due
to the fact that the instantaneous flow direction does not have to be horizontal like
the mean flow. Therefore, the instantaneous force in line with the velocity can have
a vertical component. Radecke & Schulz-DuBois (1988) used eq. (2.13) to determine
the gain function from the velocity spectrum to the force spectrum for a sphere on
a smooth wall. Using these gain functions they could predict 20–70% of the power
spectrum of the forces based on point measurements of the velocity. The spectrum for
the lowest frequencies was almost exactly predicted from the measured gain functions.
Most of the variance originated from the u fluctuations [first term on the right hand
side of eq. (2.13)]. The second term caused a small part of the variance in a frequency
band corresponding to the Strouhal number of the eddies shed from the sphere.

The fluctuating part of the lift force was found to be normally distributed over
the interval of 1–97% exceedance probability (Einstein & El-Samni, 1949). However,
Xingkui & Fontijn (1993) found for a naturally shaped bed element that the distrib-
ution outside this range deviated in such a way that the larger fluctuations of the lift
force occurred more frequently. Reported values for the normalised standard devia-
tion of the lift force, σ(FL)/FL, are 0.36 (Einstein & El-Samni, 1949), 0.49 (Chepil,
1959), and 1.00 (Xingkui & Fontijn, 1993, natural stone), so also these fluctuations
are of the same order of magnitude as the mean force.

Willets & Murray (1981) studied the lift on a sphere near a smooth boundary for
G/d = 0–2. They saw that the position of the flow separation line varied randomly,
thereby changing the direction of the force on the sphere often and abruptly. They
suspected that this was due to turbulent eddies from the main flow. This effect will
probably be less pronounced on natural stones with sharp edges that fix the flow
separation locations.

2.4 Entrainment mechanism

The force magnitudes mentioned in the previous section do not give all information
needed to determine when a stone will be entrained. First, additional information
is needed on the duration of the fluctuations: a force should last long enough to
displace a particle. Also the mean and standard deviation of the forces alone do not
give all information about the chance of occurrence of extreme fluctuations. Further
the correlation between the drag and lift force is of importance. Also the point of
application of the forces determines the moment that is exerted on the stone. Finally,
the movement of the particle itself will influence the forces on it. All these influences
together can be defined as the entrainment mechanism. The entrainment mechanism
is possibly connected to the occurrence of certain coherent flow structures.
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A review of previous research on this topic is given in this section. As hardly
any research is available about the exact configuration studied presently, research is
also discussed dealing with sediment transport instead of entrainment, smooth beds
instead of rough beds, and higher mobility instead of low-mobility transport.

Smooth bed. Sutherland (1967) visualised the flow during the entrainment of sand
from a plane, hydraulically smooth bed and from a dune bed by means of dye injection.
For the plane bed case, it was observed that the entrainment of grains was correlated
to ejections of parts of unstable low speed streaks near the bed (i.e. Q2 events).
Always several grains moved at the same time, indicating that the size of the eddies
responsible for movement was larger than the grain size. In the case with the dune
bed, which is comparable to a series of backward-facing steps, grains were displaced
first at the reattachment point, although mean flow velocities are low at that position.
They were moving in a random, jerky manner. Sometimes small ‘craters’ were visible,
indicating the impingement of eddies with a large downward velocity. Next to the
shear stress a possible minor role in the entrainment process was attributed to the
hydrodynamic lift, pressure gradients in the eddy, vertical forces due to contacts with
other grains, and upward flow through the porous bed. In general Q2 events are
seen to influence (suspended) sediment transport for hydraulically smooth beds and
high-mobility flow (Sutherland, 1967; Niño & Garcia, 1996).

Grass (1970) used high-speed hydrogen bubble photographs to measure the in-
stantaneous (u,v) flow profile near a hydraulically smooth sand bed at low-mobility
conditions. The instantaneous bed shear stress, τb, could be determined from the
slope of the velocity profile in the viscous sublayer. Grains started to move during
events with an increased shear stress; the quantities dτb/dt and v′ were correlated
less to the initiation of movement. However, the value of the critical shear stress τc

varied for different grains.
Gyr & Schmid (1997) also studied the incipient motion of grains from a smooth

sand bed, and linked this to the so-called bursting cycle. Based on the pattern of
the displaced sand they concluded: “When a sweep consisting of a patch of spanwise
limited fast outer fluid hits the bed, the fast fluid from the outer flow regions is decel-
erated and produces very concentrated vorticity at its edges. These vortex cores have
a high under-pressure which is the motor for the sediment transport. The resulting
transport is directed mainly sideways from the impact area and produces a sand stripe
on each side of the sweep”. This can be seen as a direct influence of turbulence wall
pressures on entrainment: a vortex-induced pressure gradient is dislodging the grains
instead of a shear stress or a drag force. Based on a comparison of the sizes of the
coherent structures and the grain sizes they conclude that always several grains will
move at once, and that: “The study of incipient motion of single grains (...) only
makes sense for fairly large grains”. The viscosity-dominated bursting cycle does not
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exist over rough walls, so this idea cannot be applied directly to the present case.

Rough bed. Drake et al. (1988) filmed transport of gravel with a 4 mm median
diameter in a natural stream where Re ≈ 2 · 105 and Ψ ≈ 2Ψc. They observed
that transport of gravel took place in what they called sweep-events, inferred to
have an increased streamwise, and downward velocity (i.e. Q4 events). These events
were characterised by a localised roughly circular area on the bed where particles
were entrained. These areas became larger and travelled downstream faster than the
particles that were entrained, causing an elongated area where transport occurred.
These sweep-events occupied 9% of the bed area at any given time and accounted for
about 70% of the total transport.

Thorne et al. (1989) did measurements of flow velocity and gravel transport on
a flat sea bed and saw that mainly u′ was correlated to the transport of the gravel.
The instantaneous transport rate differed significantly between two locations, for the
same instantaneous near-bed flow velocity.

Non-uniform flows. Xingkui & Fontijn (1993) did research on lift and drag forces
on a large, naturally shaped stone near a backward-facing step (bfs). The turbulence
structure of the flow near the stone varied strongly with distance from the stone to
the step. The time-averaged drag coefficient was determined by varying the flow
velocity, and relating the drag force linearly to the square of the average velocity.
The (average) drag coefficient was found to be increasing with increasing distance
downstream of the step (until at least 20hs), tending to a constant value as the
flow became uniform. It can be expected that a drag coefficient defined using the
mean velocity, CD,mean, changes for a changing turbulence intensity if the coefficient
based in the instantaneous velocity [defined in eq. (2.7)] is constant: CD,mean =
CD

(
1 + σ(u)2/u2

)
for |u′|<u ∀u′. However, this does not explain the increasing

value for the drag coefficient with increasing distance from the bfs. Apparently the
quasi-steady mechanism does not explain all fluctuations. The lift coefficient could
not be determined at all in the same way near the step. The lift force was positive at
all locations behind the bfs.

Nelson et al. (1995) undertook experiments on the entrainment of coarse sand
at Re∗ ≈ 22.5, so the bed was transitionally rough. Flow velocity (u and v) and
sediment transport rate were measured instantaneously at various positions behind
a bfs. Quite some transport occurred, as the dimensionless shear stress far behind
the step was twice the critical value. The maximum near-bed σ(u) was measured
at 10hs from the step, but the highest transport was measured at 20hs from the
step. Velocity and transport were correlated in order to find out which turbulence
events cause transport. Especially the longitudinal velocity fluctuations, u′, were
found to be correlated to transport of grains. Instantaneous values of −u′v′ and −v′
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were both positively correlated to the transport as well, only less clearly. They also
concluded that both low-frequency fluctuations, caused by eddies shedding from the
step, and higher-frequency fluctuations contributed to the transport. However, for
different positions behind the step equal (u,v) combinations gave different transport
rates. It was proposed that the magnitude of the transport for a certain value of u′

is frequency-dependent.
De Gunst (1999) studied stone stability behind a bfs. The flow had a rigid

lid. Critical conditions were reached when the flow velocity was about 20% lower
than the critical flow conditions under uniform flow. Most damage occurred in an
area beginning at the reattachment point (6.5hs) to 9hs downstream of the step.
Significantly increased damage was seen to occur to roughly 18hs downstream of the
step, but the entrainment rate decreased asymptotically. Around the reattachment
point transport of stones occurred in both upstream and downstream direction.

2.5 Stability of a granular bed

In this section expressions for stability of a granular beds are treated. These expres-
sions are derived using many assumptions and simplifications, so the focus now shifts
from science to engineering.

The words ‘stability’ and ‘damage’ are rather arbitrary. There are always some
particles that have an unstable position, so an arbitrary state of the bed has to be
defined as being unstable. Also damage has to be quantified. Transport, entrain-
ment, mobility and displacement length are parameters that can be quantified better.
These quantities are defined and compared, and some ways in which they are used to
determine the stability of bed protections are discussed. One way of dealing with the
random nature of bed protections is to use distributions of values of certain parame-
ters, leading to stochastic approaches of evaluating bed stability. These are discussed
last.

2.5.1 Initiation of motion

Granular bed protections can be designed using various criteria. Defining a critical
dimensionless shear stress is one of the oldest and most basic methods. A certain
low dimensionless shear stress is chosen as being the critical shear stress, τc, at which
the bed material will initiate motion. Bed protections must be able to withstand this
load. In this way bed protections are designed without any significant transport of
stones.

The thesis of Shields (1936) is the best-known research on initiation of motion in
uniform turbulent flow. He defined ‘initiation of motion’ as the state of the bed in
which some particles can be seen displacing at each moment at each part of the bed.
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Figure 2.2: Original Shields curve (1936). The hatched area depicts the critical shear stress

as a function of the particle Reynolds number.

This state occurs when the (dimensionless) shear stress has a certain critical value.
For a lower shear stress particles will only move occasionally, or not at all. For a
higher shear stress the whole top layer will start to move, and bed forms will emerge.
The dimensionless shear stress or Shields parameter is defined by:

Ψ ≡ u2
∗

∆gd
=

τb

ρ∆gd
, (2.14)

where Ψ is the Shields parameter, ∆ = ρs/ρ − 1, ρs is the stone density, and g the
gravitational acceleration. This is roughly the ratio of the load on the particle (∝
ρu2d2) to the gravitational force on the particle that resists movement (∝ g(ρs−ρ)d3).
The critical value of Ψ where motion starts is called the critical Shields parameter,
Ψc. This parameter is a function of the particle Reynolds number, Re∗. Figure 2.2
shows this relation, also known as the Shields curve. Shields used particles of different
densities and was able to cover a large range of particle Reynolds numbers. The value
of the critical Shields parameter for high Re∗ is a constant value of about 0.055.

Later researchers defined several states of mobility – described qualitatively as the
observed number of particles moving and or rocking per area of bed – and it was
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found that for every state a graph like figure 2.2 could be established (Breusers &
Schukking, 1971, for example).

Bed protections are characterised by a very low mobility of the bed material and
by fully rough flow, i.e. Re∗ � 500. The value of the critical Shields parameter
which is used as a safe limit for bed protections is: Ψc = 0.03–0.04. Therefore the
flows regarded in the present research are located in figure 2.2 in the bottom right
corner, under the hatched line (low-mobility flow) and extending right of the graph
(hydraulically rough flow). Note that the critical Shields parameter only represents
uniform flow, whereas here non-uniform flows are studied.

2.5.2 Bed load transport

Designing bed protections using the stability approach could lead to conservative
designs. Sometimes a small amount of movement of the bed material (i.e. damage)
can be allowed. Therefore it is useful to obtain an estimate of the amount of damage.
To quantify the amount of damage, the balance equation for sediment can be used
(Mosselman et al., 2000):

∂yb

∂t
= − 1

(1 − ε)
∂qs

∂x
, (2.15)

where yb is the bed level, t is time, qs the bed load transport rate (i.e. the volume of
particles passing a cross section per unit time and width), and ε porosity. According
to eq. (2.15) a positive transport gradient causes the bed to lower. Now the lowering
of the bed (divided by d) can be used as an indication of the amount of damage in
a more flexible approach for designing bed protections. In this way more explicit
choices can be made about maintenance frequency and safety, and protection layers
could be designed that are economically more viable.

In order to make this method work, a suitable transport equation – including
turbulence effects – is needed. There are many bed load transport formulae available,
which have limited predictive capabilities. This is due to the fact that transport is
dependent on many uncertain parameters and mechanisms. Therefore they should not
be used outside the parameter range for which they were calibrated. In the following
the specific processes that determine the transport rate are discussed. This could be
used to link measurements on a single stone to the bulk transport rate.

Transport equations

Based on assumptions for the different processes in bed load transport, Einstein (1950)
derived a transport parameter from combined physical and dimensional analysis and
linked it to the Shields parameter. This parameter is used in most transport functions
and can be written as:

Φ ≡ qs/
√

∆gd3 . (2.16)
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eq. (2.17)

eq. (2.18)

Ψ

Φ
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100

Figure 2.3: Dimensionless transport for low Ψ values after Paintal (large particles only).

Most bed load formulae are written in the form: Φ ∝ (Ψ−Ψc)n, or Φ ∝ Ψn (Mossel-
man & Akkerman, 1998) and were developed for higher transports. This makes them
useless for the present purpose.

Paintal (1969) did the most elaborate and best-documented measurements on
transport under low hydraulic loads, with dimensionless shear stresses below the ‘crit-
ical’ value of 0.05, as found by Shields. He fitted the following transport formula:

Φ = 6.56 · 1018Ψ16, for 0.02 < Ψ < 0.05 . (2.17)

He used particles of 2.5, 7.95 and 22.2 mm (sieve diameter). The flow over the smallest
material was not completely hydraulically rough. Therefore Mosselman & Akkerman
(1998) discarded the data of the 2.5 mm particles and corrected some small calculus
errors. The resulting graph is shown in figure 2.3. The resulting equation is:

Φ = 3 · 107Ψ8.9, for 0.02 < Ψ < 0.05 . (2.18)

Processes in transport of coarse material

Einstein (1942) divided sediment transport into the processes of pick-ups and steps of
the particles, which led to the formulation of the parameters Ψ and Φ. The pick-up
can be related to several other parameters. This is discussed next. Often one or more
of the parameters is assumed to be random, leading to stochastic approaches.
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In many experiments on stone stability the number of stones that are displaced
from a certain bed area are counted. This leads to the measurement of the volume
entrainment rate, E, which is the volume of particles that is entrained (entrainment
is usually defined as a displacement of at least 1d) per unit of time and bed area
([E]=LT−1). Expressed in terms of the number of entrained particles, it is often
called the pick-up rate. The entrainment is linked to the bed load transport by:

qs ≈ E L , (2.19)

where L is the displacement or step length. As entrainment and step length could
be correlated, this step length is not exactly the average displacement length. When
the displacement length is assumed to be proportional to d, one can also make a
dimensionless parameter for the entrainment:

ΦE ≡ E/
√

∆gd . (2.20)

An expression used for E is:

E ∝ d p(τb > τc)
Tp

, (2.21)

where Tp is the typical pick-up duration of a particle, for which d/ws (Einstein, 1942)
or d/u∗ (Paintal, 1969) are proposed (ws is the settling velocity). An assumption in
this approach is that the length scale of the flow structures that cause the entrainment
is much larger than the particle.

In order to determine the entrainment of a single particle many researchers use
a force or moment balance. When the displacing force on the particle exceeds the
resisting (gravitational) force the particle will start to move (White, 1940; Wiberg &
Smith, 1987; Bridge & Bennet, 1992; Andrews & Smith, 1992; Ling, 1995, for exam-
ple). The hydrodynamic forces acting on a particle used in these models are usually
those according to the quasi-steady forces in eqs. (2.7) and (2.10). The influence of
turbulence is rarely regarded. When turbulence is included in the models it usually is
by introducing a fluctuating velocity in the quasi-steady equations (2.7) and (2.10),
which is equivalent to using a fluctuating u∗.

Mosselman & Akkerman (1998) state that the variability of the displacement
lengths – as measured by De Boer (1998) – is high at low hydraulic loads, so a model
based on these processes cannot be accurate. However, the varying displacement
lengths are consistent with an exponential distribution of the displacement length as
found by Nakagawa & Tsujimoto (1980). Under low-mobility conditions the stones
move by rolling, which will make the displacement length a function of the bed topog-
raphy and not only of the flow velocities.

This way of regarding transport seems realistic for low-transport conditions, as
stones are seen to be moving for a short amount of time – the step – after which they
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rest for a long time. A different way of decomposing transport in different processes
is to regard the number of particles that is moving per unit of area at an instant (the
mobility) and their velocity. This also gives a (dimensionally) correct expression for
the transport rate (Andrews & Smith, 1992).

Stochastic methods

The probability that τb > τc was linked to the mobility of the bed via eqs. (2.19) and
(2.21). This probability can be calculated by the following convolution (McEwan
et al., 2003):

p(τb > τc) =
∫ ∞

τc=0

p(τc)
∫ ∞

τb=τc

p(τb) dτb dτc , (2.22)

where p(τb) is a probability density function (pdf) of τb. De Ruiter (1982) gives the
following relation for E, assuming only τb to have a distribution due to turbulence,
and τc to be constant:

E ∝ d

∫ ∞

τc

p(τb)
Tp(τb)

dτb . (2.23)

Here Tp is a function of the occurring shear stress. This gives the opportunity to deal
explicitly with a varying turbulence structure. If both τc and τ are supposed to be
distributed, the following convolution could be used:

E ∝ d

∫ ∞

t=0

p(τc)
∫ ∞

τc

p(τb)
Tp(τb, τc)

dτbdτc . (2.24)

In the probabilistic approaches mentioned above the shear stress is assumed to be
(proportional to) the force that dislodges the particle from the bed. If acceleration
terms would be shown to be (partly) responsible for the movement of coarse bed
material, a similar approach, based on these forces, might also be possible. The same
kinds of convolutions could be used with F = f(u2, Du/Dt) substituted for τb.

2.6 Size, shape, position, and orientation of stones

In this section some features which characterise the separate stones are discussed, viz.
size, shape, position, and orientation. The distribution of the parameters found in a
granular bed, like the grading is also briefly touched upon.

Size. The size of a stone, most often indicated by a ‘diameter’, is an important
parameter that determines the stability of a stone. Several typical ‘diameters’ can be
used to characterise the size of a stone, like the:

• sieve diameter, ds (size of smallest sieve opening through which the stone can
pass),
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• nominal diameter, dn (edge of a cube with equal volume),

• standard fall diameter (diameter of sphere with equal density and fall velocity).

The characteristic size mainly used for bed protections is the nominal diameter, de-
fined as the edge of a cube with the same volume as the stone:

dn = 3
√

M/ρs , (2.25)

where M is the mass of the stone. Sometimes the characteristic size is defined as the
diameter of a sphere with the same volume ( 3

√
6/π dn ≈ 1.24dn).

The diameters of gravel and sand particles are mainly determined by sieving.
The ratio ds/dn varies with the shape of the stones – ds is approximately equal to the
intermediate of its three principal body axes. For most stones used for bed protections
the following ratio can be used (CUR, 1995):

ds/dn ≈ 0.84 . (2.26)

The grading of rocks is their size distribution. It usually is quantified by the
parameter d85/d15, where m percent of the weight3 of a sample of stone is smaller
than dm. For most applications in protective top-layers the grading is classified as
narrow, defined as d85/d15 < 1.5.

Shape. The shape of a stone can be described by a multitude of factors (Chien &
Wan, 1999, give an overview). Many of them are difficult and time consuming to
determine.

Several ratios of the lengths of the three principal body axes a, b, c (respectively
the shortest, intermediate, and longest) give an idea of the shape. A shape factor
often used for classifying the stone shape is defined as:

SF = a/
√

bc . (2.27)

It can be regarded as an indication of the flatness of stones. Typically SF≈0.6 for
crushed rock.

The angularity of stones is the factor that describes the sharpness of the edges. It
is most easily determined by visual inspection. Measurable parameters are available,
like the average radius of the edges on a stone, but their measurement is laborious.

Breusers (1965) found that, when dn is used in the definition of Ψ, the critical
dimensionless shear stress of differently shaped stones is similar. The load under
which they start to vibrate is more diverse. Particles shaped like tetrahedrons did

3Sometimes the number of particle is used instead of the weight.
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Figure 2.4: Forces on a stone.

move more easily than various other shapes examined. Later research showed that
slight differences are present in the critical shear stress.

With crushed rock the points where the flow separates are fixed for the most
part by the sharp edges, so a drag crisis does not occur. The angularity of the
rocks influences the forces this way. Stones also interlock better when they are more
angular. This is shown by De Boer (1998), who found a larger transport rate for
rounded stones at low hydraulic loads.

Carling et al. (1992) measured the critical shear stress for some single differently
shaped stones, placed on beds with varying roughness. For various shapes with the
same nominal diameter, the critical shear stress varied by a maximum of approxi-
mately 20%.

Position. The position of a stone in a bed can be described by several factors.
Three often used parameters which give information about the position of a stone are
(Kirchner et al., 1990, see fig. 2.4):

• protrusion, Π: the height of the top of the particle with respect to the mean
bed level4,

• exposure, e: the height of the top of the particle with respect to the local mean
upstream bed level,

4The bed level is the average bed elevation, determined by taking the average value of a large

number of point measurements of the highest elevation (i.e. not under a stone) at random horizontal

positions.
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• pivoting angle5, φ: the maximum angle at which the bed can be tilted without
movement of the particle.

These definitions are easy to apply when schematising the problem in two dimensions
(see fig. 2.4), but are less clear in three dimensions.

Kalinske (1947) concluded that drag was fully responsible for dislodging particles
from the bed. Conversely, around the same time Einstein & El-Samni (1949) assumed
that only the lift component was responsible. In later models (Wiberg & Smith, 1987,
for example) both force components are included, with the drag force indicated as
the largest. Which force component is important is dependent on the position of the
particle, which can be described to a large extent by its relative protrusion, Π/d. If
Π/d ≈ 1 then the particle is nearly completely exposed and a large drag force will
exist. Further, the pivoting angle, φ, is then in general such that a drag force gives a
large, and the resisting force a small moment around the point of rotation (roughly
1
2FDd cosφ and 1

2FGd sin φ respectively, see fig. 2.4), making this component very
effective in moving the particle. Conversely, if Π/d � 1 then obviously only a lift
force can efficiently create large moments.

Π/d

Ψ
c

0.137 · 27.7−Π/d

-0.4 0 0.4 0.8

0.1

0.2

0.3

0.4

Figure 2.5: Variation of dimensionless critical shear stress Ψc with relative protrusion Π/d,

after Fenton & Abbot (1977)

Fenton & Abbot (1977) executed experiments in order to determine the effect
of the relative protrusion of a particle on Ψc. Figure 2.5 shows this influence for
hydraulically rough flow. For relative protrusions varying from 0 to 0.8, Ψc for a

5Unlike the friction angle or angle of repose this is a quantity that refers to a single stone.
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single particle varies from 0.15 to 0.01. It is not possible to determine the separate
forces acting on the particles from this, as the contributions of the lift and drag force
are not known separately as a function of the protrusion.

The protrusion of a stone is not the only factor that influences the forces on it, as
the positions of the surrounding stones are also of importance. Still the protrusion
can be expected to have a strong influence on the magnitude of the critical force, as
it is related to both the resisting force on the particle and the hydrodynamic force.
The exposure is more directly related to the hydrodynamic load. On average Π will
increase with increasing e. Thus, it may be expected that if the force on a particle is
related to the exposure, it will also be related to protrusion, only with more scatter.

The pivoting angles of the different particles in a bed vary. Kirchner et al. (1990)
determined the probability distributions of Π, e, and φ on a gravel bed. The results
show that the values are distributed over a wide range.

Orientation. The orientation of a particle is usually quantified by regarding the
respective angles of the (longest) body axis to the flow direction and to the bed
(azimuth and dip). The shortest body axis of a stone is generally pointing upwards.
In research on gravel-bed rivers it is sometimes seen that stones have their longest axis
predominantly in the spanwise direction (Nikora et al., 1998). Conversely, De Boer
(1998) noted that angular stones in a flume experiment were predominantly orientated
with their longest axis in the direction of the flow after water-working.

The above especially holds for natural gravel or dumped stones. In the case of
(dry) construction of scour protections or breakwater construction the stones are
usually placed with their longest axis vertically to minimize the area that is exposed
to the flow or waves. These constructions usually have a limited thickness, so that
some movement of the stones by the flow is not allowed.

Carling et al. (1992) measured the critical bed shear stress for differently shaped
stones on beds of different roughnesses. They found that a difference in orientation
could influence the critical Shields parameter for a single stone more than its shape.
Stones placed with their long axis perpendicular to the flow moved sooner than when
placed parallel. On rougher beds, particles moved at a higher shear stress; apparently
they interlocked better with their neighbouring particles. Particles placed parallel
to the flow often changed their orientation to perpendicular before moving. On the
roughest bed particles were mostly seen to move into a more stable, imbricated po-
sition before being entrained by rolling. Once moving, the particles tended to move
with their longest axis perpendicular to the flow.

Relative influence. To conclude this section, the possible influence of the above-
mentioned characteristics on the stability of stones in a granular bed protection is
estimated. The influence of a parameter is defined as the factor with which the
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Characteristic Approximate Source(s)
influence factor

Position (Π/d=0–0.5) 5 (Fenton & Abbot, 1977)
Orientation >10 (Carling et al., 1992)
Size (d85/d15 = 1.5) 2 (Shields, 1936)
Shape (when dn is used) 0.2 (Breusers, 1965; Carling et al., 1992)

Table 2.1: Approximate influence of stone characteristics on stone stability.

overall bed shear stress at which a certain particle on the bed becomes unstable can
vary, when this factor is changed within the values typical for a bed protection. We
assume that the range of relative protrusions is about 0–0.5 and the grading has a
width of 1.5. The corresponding variability of critical shear stresses in a bed is given in
table 2.1. The orientation of the individual stones has the largest influence, followed
by their protrusion. This reveals a difference between bed protections and gravel-bed
rivers. The latter usually have a wider grading where the position of the particles
becomes equally important as the orientation, or more.

2.7 Engineering approach

Most design approaches are based on the stability criteria by Shields [eq. (2.14)] or
Isbash (1932). The stone size and density should be such that the stability parameter
will not surpass a critical value. The main difference between the two stability para-
meters is that Isbash uses a near-bed velocity6 and Shields the shear velocity as the
parameter quantifying flow attack. Some later approaches apply a parameter that
resembles the Isbash approach where 〈u〉h is used to quantify the flow attack, and
subsequently apply a friction coefficient for uniform flow, cf ≡ u2

∗/u2, as a correction
factor to the stability parameter for uniform flow. Thus effectively both approaches
are the same. As the Shields parameter only applies to uniform flow conditions,
several corrections are often applied to the numerator of the Shield factor – which
represents the flow attack – to account for non-equilibrium (mean and fluctuating)
flow profiles. The way in which this is done is the main difference between the various
design approaches.

Pilarczyk (2001) proposes:

∆d = 0.035
S

Ψc

KTKh

Ks

〈u〉2h
2g

, (2.28)

6The exact position of this velocity is not specified.
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where S is an empirical factor accounting for the way the stones are placed, KT

accounts for turbulence, varying from 1.0 for uniform flow to 2.0 at hydraulic jumps
and to 3.0–4.0 under ship’s propellers. Kh is equivalent to cf for uniform flows.
However, it is also used for the non-uniform flows. Finally Ks accounts for slopes
of the bed protection. The various correction coefficients are rather arbitrary, so the
expression can only be used as a rule-of-thumb, or with large safety factors. Especially
the turbulence factor, which can vary by a factor 4 – corresponding to a factor 64
in stone weight – is uncertain and has to be chosen according to an ‘engineering
judgement’.

Another approach is (Franken et al., 1995; Schiereck, 2001):

∆d =
cf(Kv 〈u〉h)2

KsgΨc
, (2.29)

where Kv is a flow-specific empirical factor for non-uniform flows. Kv has been
determined from measurements for many flow types as:

Kv =
uc,u

uc,nu
, (2.30)

where uc,u and uc,nu are the critical flow velocity under uniform and non-uniform
flow, respectively. The exact place where the flow attack occurs is often not specified
using this method, so a large area of bed protection will be dimensioned with the
maximum stone diameter. Further, for every construction a physical model test has
to be executed in order to determine Kv.

If no model-tests are available, the normalised depth-averaged longitudinal tur-
bulence intensity is sometimes used to characterise the influence of turbulence: r0 =
〈σ(u)〉h / 〈u〉h (Hoffmans & Akkerman, 1998). This turbulence intensity is then used
in eq. (2.29) by defining:

Kv ≈ 1 + 3r0,nu

1 + 3r0,u
, (2.31)

where 1+ 3r0,nu is an indication of the ratio of the maximum to the mean flow veloc-
ity for the non-uniform case, and 1 + 3r0,u the same ratio for the uniform case. This
approach is roughly based on the approach of Grass (1970). The stability behind a sill
or a bfs can be estimated using eq. (2.6) to predict r0,nu. This depth-averaged turbu-
lence parameter does not completely describe the flow near the bed, so inaccuracies
are generated here, or extra corrections are needed.

Also other parameters are used, for example the turbulence fluctuations averaged
over the lower 10% of the water depth (Escarameia & May, 1995). This value is not
applicable for shallow flows, where 10% of the water depth can be much smaller than
the stone diameter, which makes the determination of the exact value difficult due to
the uncertain location of the bed level.
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If a model is developed that uses the output of numerical computations for the
determination of damage to bed protections, then this would make the use of expensive
scale models obsolete. Recently a model has been developed at WL|Delft Hydraulics,
based on the following stability parameter (Jongeling et al., 2003):

ΨWL =

〈
(u + α

√
k)2
〉

hm

∆gdn50
, (2.32)

where k is the turbulence kinetic energy, hm = 5dn50 + 0.2h, and α = 6. In this
stability parameter, output of a numerical flow model with a turbulence closure model
(u and k) is averaged over hm in order to estimate the flow attack (numerator of
ΨWL). It has been calibrated on measurements and computations of a number of
flow configurations. The averaging procedure did not give the same ΨWL for all
critical flow conditions (possibly indicating that other parameters also play a role),
and therefore a conservative value of ΨWL,c = 8 was determined.

Most research on bed protection only uses a criterion of ‘damage’ or ‘no damage’
to determine the flow conditions where initial damage occurs. If the entrainment
would be measured as a function of flow velocity, this would have two advantages.
Firstly, more data would be used, leading to a more accurate determination of the
critical conditions. Secondly the designer could specify the required damage level more
precisely. At the moment a model based on eq. (2.15) – which uses an instantaneous
transport formula – is being developed. A first formulation has been given in Jongeling
et al. (2003). This would give a more gradual estimation of the damage level.

2.8 Concluding remarks

As there has been much research on stone stability and sediment transport, the above
overview is not complete. However, most important aspects are included. From the
literature studied some important notions can be obtained.

First of all, it is clear that the turbulence fluctuations in the flow are of importance
for the stability of stones. Specifically for non-uniform flows the turbulence has to be
taken into account. The exact way in which to do this is not known. However, it is
clear that stone entrainment generally takes place during flow events with increased
longitudinal velocity. The characteristics of the turbulence near a rough wall are not
completely clear either at the moment.

The various parameters that are of importance for the process of particle entrain-
ment can be defined in many ways, which makes comparison of research results diffi-
cult. Aspects like the theoretical bed level of a rough bed and the origin of the forces
on a bed particle are still subject to discussion. The random nature of the positions
and shapes of the separate rocks in a granular bed complicates things further.
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The cause of the mean drag force on the bed particles in uniform flow is fairly clear,
although the fluctuations cannot be predicted completely from the instantaneous near-
bed flow. The determination of a constant instantaneous CD has not succeeded.
The origin of the lift force has more uncertainties. The acceleration terms in the
momentum balance might have an influence, in addition to the quasi-steady forces.
The velocity at 0.15d above the top of a particle seems the best velocity to use when
assessing the quasi-steady forces on particles with a varying protrusion. The exact
way in which a particle is moved from its place, including the exact change of forces
and particle position in time, has not been studied for the present conditions. This
is examined further in chapters 5–7.

It seems that for a bed protection with a narrow grading the most important
parameter determining the stability of a single stone is its orientation, followed by
its vertical position. Most experiments on forces on single particles are done on
schematised particle positions, leading to a protrusion of about zero (all particles
at the same level) or one (a particle on top of a layer of other particles). It is not
known what a characteristic position of an entrained particle is. The orientation and
position of the stone under consideration must be representative for a bed protection.
Therefore this is examined further in chapter 3, after which the experiments will be
treated.

Many concepts about coherent structures from research on smooth-bed flow are
used directly for rough-bed flow. This translation cannot be made directly. Some
progress has been made in the identification of coherent flow structures in rough-bed
flow. Several sources have identified large-scale flow structures with a downward and
increased streamwise velocity, which are also connected to the entrainment of coarse
bed material. For the areas with a velocity deficit the ‘hairpin vortex packet’ model
has been proposed. How these structures are linked to the displacement of stones is
the focus of chapter 7.

Several (engineering) models exist for the assessment of stone stability under non-
uniform flows. Most of them use the Shields parameter and replace the part for the
flow attack (numerator) with an expression including turbulence aspects:

• Some approaches use separate correction factors for the influence of the mean
velocity and of the fluctuating velocity (Pilarczyk, 2001).

• Also correction factors are used, which are the ratio of the measured critical
velocity for uniform flow to that of the non-uniform flow Kv = 〈uc,u〉h / 〈uc,nu〉h
(Franken et al., 1995).

• Another approach uses the ratio of an estimate of the maximum velocity for the
non-uniform flow, compared to that of the uniform flow: K = (1 + 3r0,nu)/(1 +
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3r0,u). r0 is a depth-averaged quantity, either measured or calculated (Hoffmans
& Akkerman, 1998).

• A recent approach uses the results of a numerical flow model with k–ε turbulence
closure (Jongeling et al., 2003). It averages u+α

√
k over part of the depth, and

uses this in the numerator in the Shields number. Empirical coefficients were
calibrated on a large number of flow situations.

• A model was developed with which the turbulence wall pressures influencing
stone stability can be calculated from output of a numerical flow model with
k–ε turbulence closure. This model has limitations and can only be used as an
estimate (Uittenbogaard et al., 1998).

A very novel approach being developed uses the gradient of the sediment trans-
port rate as the cumulative damage to the bed protection (Mosselman et al., 2000;
Jongeling et al., 2003).

If the various engineering methods mentioned above – that are used to determine
the stability of a bed protection – are to be improved, an increased understanding
of the entrainment process is crucial. This research is aimed at this, by regarding
the entrainment of a stone on a micro scale. A new model, similar to the third and
fourth model mentioned above, and partly based on the notions developed in the
other chapters, is presented in chapter 8.
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Chapter 3

Stone Positions

3.1 Introduction

How turbulence influences stone stability is not known exactly. Therefore measure-
ments of the pressures on and the movement of a single stone have been performed.
These are presented and analysed in chapters 4 to 7. From the literature discussed
in the previous chapter it appears that the orientation and position of a stone can
significantly influence the way it is entrained. Therefore it is of key importance that
the stone that is the focus of the experiments has a characteristic position and orien-
tation. Determining the bed surface characteristics is not the main goal of this thesis,
which is to examine the influence of the turbulent flow on stone stability. Still, after
examining the existing literature, the conclusion was reached that so little was known
about the positions of the stones at the surface of a granular layer that an attempt
should be made to gain insight in the positions of the top particles of a granular bed.
To this end a simplified model was chosen: a mathematical discrete particle model
(dpm) for randomly and sequentially deposited spheres. This model will give a first
estimate of the positions of randomly deposited stones on a flat bed. The spherical
shape is not very realistic for bed protections, and the orientation of the stones can-
not be evaluated. However, the model can be used to illustrate how a bed can reach
an equilibrium state in consequence of the attack by the flow, and can give some
qualitative information about the structure of a random bed.

First some literature about the use of dpms for determining granular bed charac-
teristics is mentioned, after which the present model is described. Then the calcula-
tions that were executed are presented. Next the implementation of water-working
(by erosion) of the bed is explained, which is shown to give statistically similar beds,
independent of material properties. The bed for which these parameters are derived

41
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42 Chapter 3. Stone Positions

is exactly defined and reproducible, unlike most experimental results. Next the char-
acteristics of this bed are presented. This can help to determine the suitability of
certain stone-positions in the experimental set-up.

3.2 Previous use of Discrete Particle Models (dpms)

for determination of bed surface characteristics

A Discrete Particle Model (dpm) can be used to obtain an estimate of the surface
characteristics of a granular bed. It is a useful research tool, especially for low mobility
and coarse-particle bed load, since the transport of the individual particles is obviously
dominated to a large extent by the micro bed structure in this flow regime.

Perhaps the first use of a kind of dpm for obtaining an estimate of the surface
characteristics of a fluvial bed was by Kirchner et al. (1990). Circular shapes were
fitted onto measured longitudinal profiles of the bed elevations, in order to obtain an
estimate of the values of certain grain parameters. It was found that the parameters
like angle of repose, exposure, and ‘critical shear stress’ varied widely per particle.

McEwan & Heald (2001) used a dpm to describe a bed that is formed by sequen-
tially dropping uniformly sized spheres at random positions. The particles were not
removed or redistributed by the flow. The model was therefore used to determine the
characteristics of a non water-worked bed. It is known that this bed is completely dif-
ferent from a water-worked bed, as the authors themselves state. The collisions were
determined without allowing overlap of the particles. This is a so-called hard-sphere
model.

Nikora et al. (2001a) determined diffusion characteristics of particles using a dpm.
They give the values of several moments of the bed elevations before and after water-
working.

Schmeeckle & Nelson (2003) use a hard-sphere model to model bed load transport
of a gravel bed, and see that transport by a flow with realistic (measured) velocity
fluctuations mainly consists of periods with hardly any transport (low u) and with
particles saltating (high u). In the water-worked bed the smaller grains have smaller
exposures and higher pivoting angles than the larger grains – albeit with a wide
distribution.

All dpm studies mentioned above, except McEwan & Heald (2001), use wide
gradings of the stones. They also use a simplified flow model, wherein a velocity
– varying in depth and time only – is imposed on the particles, sometimes empirically
corrected for the blockage of particles upstream.
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Figure 3.1: A simulated water-worked bed with equally sized spheres. Box size is 12d× 12d.

The exposed stones have a lighter shading.

3.3 Features of present dpm

A model was developed to simulate the sequential deposition of frictionless spherical
stones in a periodic box. It is a soft-sphere model, meaning that the stones are
allowed to overlap slightly (about 1� of d) during collisions. This overlap determines
the contact forces between the stones and the impacts of the stones are calculated by
discrete time integration. During deposition simplified hydrodynamic forces act on
the spheres. When an initial bed has been deposited, the top stones are removed in
order to simulate the water-working process on an eroding bed.

An important characteristic of the model is that the stones are dropped sequen-
tially. This way of depositing stones leads to a bed packing where every stone has a
stable position, resting on three others. When stones are deposited in bulk, arches are
formed inside the granular medium. With slight vibration they can slowly collapse,
leading to values for the porosity in the range of 0.44 (random loose packed) to 0.36
(random close packed). Sequential depositing prevents this possible further compact-
ing of the bed and leads to a single possible value for the porosity of 0.407 (Mehta,
1994). We chose to use a sequentially deposited bed for a number of reasons. First of
all, it has a clear description. Secondly the value for the porosity of a sequentially de-
posited bed coincides with that of a prototype bed protection (Bosma, 2001). Finally
many bed protections, especially the ones with large stones, are actually constructed
by placing or dumping the rocks sequentially.

The equation of motion for the stone that is solved by the dpm is:

�ap = �Fp/Mp , with

�Fp = �FD + �FG + �Fcontact ,

(3.1)
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where �ap, �Fp, and Mp are the acceleration, force on and mass of the moving stone
respectively. The path of a stone is solved by integrating equation (3.1) using a Runge-
Kutta scheme. The time step was set such that the collisions were well-resolved (a
frontal collision is integrated in about 50 time steps). The various forces are a high
Reynolds number drag force �FD = − 1

2ρCDA|�vp|�vp, the gravitational force including
buoyancy �FG = (0, 0,−gMp + gVpρw), and the contact forces due to collisions. The
contact force �Fcontact has a damping and an elastic component, both working in the
line between the centres of the moving stone, �xp and of the stone it overlaps, �xc:

�Fcontact =




�∆x

[
−k

(
dp + dc

2| �∆x| − 1

)
− c

�vp · �∆x

| �∆x|2

]
∀ | �∆x| <

dp + dc

2

0 ∀ | �∆x| ≥ dp + dc

2

. (3.2)

in which �∆x = �xc − �xp, k is the spring stiffness and c the damping constant. In this
chapter d represents the diameter of the sphere. The notation for the collision force
is actually a little more complicated than eq. (3.2) as the periodic boundaries have
to be taken into account. In consequence of this, each of the horizontal coordinates
can be increased or decreased by the width of the computational domain. From this
it follows, that when the distance between two stones is calculated, nine possible
combinations of the horizontal coordinates exist. The smallest of the nine distances
is used.

Checking all other spheres every time step for collisions becomes computationally
expensive for larger domains. Therefore, in order to speed up the computation, the
horizontal domain is divided in grid cells with cell widths as large as or larger than
the largest possible stone size. The grid cell where a deposited stone comes to rest is
stored in a stack. Now only the stones in the same grid cell as the depositing stone
and its eight surrounding cells have to be checked for collisions. Especially for wide
domains this decreases the computational cost considerably.

3.4 Configurations

The stones used for the simulations had a diameter of d = 0.1 m and a spring stiffness
for collisions of k = 105 N/m. A time step of 0.25 ms was used. In total four
simulations were executed, see table 3.1. In the first three the damping factor for
the stone-stone collisions was varied, which gave rebound velocities vr for a straight
collision of 1%, 50%, and 99% of the incoming velocity vi, respectively. The ratio of
these velocities is called the coefficient of restitution. These computations will be used
in the next section to see if the collision characteristics change the bed configuration,
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damping coefficient width grading number of
coefficient of restitution stones

run # c vr/vi d85/d15 N
N/(m/s) - - -

1 001 0.99 1 104

2 125 0.50 1 104

3 500 0.01 1 104

4 125 0.50 1 105

Table 3.1: Calculations executed with the dpm.

and to examine the water-working of the bed. Run 4 was made with more stones,
in order to obtain well-converged statistics. The outcome of this run is presented in
section 3.6, where the characteristics of a water-worked bed are described.

3.5 Water-working

In this section the difference between the initially deposited beds and the beds after
water-working is considered, using runs 1 to 3, see table 3.1.

In figure 3.2.a the average protrusion-distributions of the exposed stones in the
initially deposited beds are plotted (actually the distributions of the deviations from
the mean protrusion have been plotted). An ‘exposed stone’ is a stone that has no
other stones resting on it. It can be seen that the distribution of protrusions for
stones with a lower coefficient of restitution (larger c) is wider than the distribution
of protrusions for the stones with a higher coefficient of restitution (lower c). This is
explained by the fact that stones that bounce a few times before they come to rest at
their final position (low c) have a higher chance of ending up in a depression in the
bed, from which they cannot leave. Conversely, a stone that drops dead immediately
(large c) has a higher probability of coming to rest on top of an elevation of the bed.
This means that a higher rebound velocity leads to a flatter bed, which is confirmed
in figure 3.2.a.

Now the entrainment process is considered. When flow initiates over a just de-
posited bed, the most protruding and unstable stones will be removed immediately,
even by a flow with low velocity. After that, less protruding stones are removed, and
gradually an equilibrium bed forms. In most research on entrainment and transport,
flow is applied to the bed for a certain time to let the bed become water-worked, in
order to get a good estimate of the critical entrainment (Paintal, 1971, for instance).
Evidence of this process is seen in the measurements of Forschelen (1999), who de-
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Figure 3.2: a) (left) Initial distribution of protrusions of exposed stones for runs 1–3, with

different damping coefficient. b) (right) The distributions of protrusions for the

same beds after removing the most protruding stones.

noted the times of all stone movements past a transect under uniform low-mobility
flows starting with a non water-worked bed. It can be seen in a plot of his low-
mobility experiments with angular stones in figure 3.3 that the initial high transport
rate gradually tends towards a constant value. Lammers (1997) measured that a just
deposited bed flattened and the hydraulic roughness of the bed decreased in time.
After a while the hydraulic roughness did not change noticeably anymore. However,
the transport still was reduced somewhat further.

This effect called water-working is modelled in a simple way in the present dpm

for uniformly sized stones by simply removing the most protruding exposed stones.
The protrusion is very important to the critical force on a stone (Fenton & Abbot,
1977). After one stone has been removed, the exposed stones are determined again,
before the next one is removed, as new stones can have been uncovered by removing
a stone.

The removed stones are not redeposited on the bed, as information about displace-
ment lengths is limited and uncertain. This means that the model does not simulate
water-working under uniform transport. Instead it models water-working of an erod-
ing bed. This is also exactly the condition that is of importance when examining
damage to bed protections. The bed level becomes lower, but this is not relevant
when searching for a general bed geometry which can be related to any mean level.

Figure 3.2.b shows the protrusion distributions, after several layers of the most
protruding exposed stones have been removed. Now the distributions of the different
beds are very similar. This implies that, although the initial geometry of the beds
was different, the underlying packing is similar or even equal. This leads to the
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Figure 3.3: Cumulative number of stones N moved per strip under open-channel flow as a

function of time for five experiments (Ψ=0.037–0.048), based on data by Forsche-

len (1999). t15 is the time at which N = 15.

conclusion that if an entrainment model is used, the exact deposition characteristics
of the spherical stones do not matter – if dropped sequentially. The surface geometry
will of course depend on the entrainment model.

Realistic entrainment processes are more complicated than the entrainment model
used presently. Therefore attention should be paid to the kind of entrainment or
transport model, instead of the deposition model of the stones. Water-working must
be applied to the bed prior to any statistical analysis of critical forces of the various
stones in the bed. This holds especially when it is used to compare the modelling
results to empirical results such as the Shields curve or a transport formula. This was
not done by McEwan & Heald (2001), for instance, so the quantitative values of their
comparison to the Shields curve should not be used.

3.6 Characteristics of the modelled water-worked

bed

Some quantities characterising the water-worked bed were determined. These can
be used to check whether the stones used during the measurements described in the
coming chapters have characteristic positions.

Simulation number 4 was made to obtain the statistics of the bed elevations. In
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this simulation five beds were deposited with 28800 stones in a 60d× 40d area. From
each of these beds initially a large amount of 6000 stones were removed, in order to
assure that a fully water-worked bed was formed. Subsequently, four times an extra
2400 stones were removed, resulting in a total of 25 samples of statistically similar
water-worked beds on which over 20000 exposed stones were present. The porosity of
the bed is 0.7% lower than the theoretical value of 0.407, due to the slight overlapping
(≈d/1000) of the spheres.

The bed surface (i.e. the highest elevation at which material is present at a cer-
tain horizontal position) was sampled at (infinitesimal small) points with intervals of
d/10 to determine the parameters describing the bed. These parameters will now be
compared to some values from literature.

The bed has a standard deviation of:

σ(yb)
d

= 0.507 ± 0.001 .

This is between the values obtained from prototype measurements on non-water-
worked bed protections, where values of 0.42 and 0.57 were obtained for 40–200 kg
and 10–60 kg gradings, respectively (Meulepas et al., 1999, and appendix F). It is
somewhat less than what Nikora et al. (2001b) calculated for a water-worked bed:
0.58± 0.01. The difference can be explained by the fact that that bed had a range of
diameters of 2–8 mm, and that it was not an eroding bed.

The present bed has a negative skewness of

S =

〈
y′3
b

〉
σ(yb)3

= −1.35 ± 0.01 .

This skewness is caused by the fact that the positive tail (i.e. large elevations) of the
pdf is cut off by the water-working. On the other hand, large negative elevations
occur, as the holes between the stones can occasionally be very deep.

In prototype test (Meulepas et al., 1999, and appendix F) point measurements
yielded values for the skewness of -0.26 and -0.33. This is somewhat less that the
present computations. Nikora et al. (1998) found for various natural gravel beds that
the skewness was mostly positive with a mean value of 0.47 in the range of -0.69 to
1.50. As the natural rivers had a grading width of d85/d15 = 3.5–5, this can be the
cause of the positive skewness. The larger grains have a tendency of protruding more
above the average level – giving larger positive bed level fluctuations, while the pores
are easily filled by the smaller grains – decreasing the negative bed level fluctuations.
The calculation by Nikora et al. (2001b) resulted in S = −0.67 ± 0.06, where the
skewness was caused by the water-working. The non-water-worked bed had more
Gaussian characteristics.
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Figure 3.4: Simulated probability density of bed elevations of eroding water-worked bed.

Including the position of certain definitions for the bed level.

The present distribution of bed elevations is leptokurtic (K > 3) with a kurtosis
of

K =

〈
y′4
b

〉
σ(yb)4

= 6.31 ± 0.1 .

In prototype test (Meulepas et al., 1999, and appendix F) point measurements yielded
values for the kurtosis of 3.1 and 3.2, which resembles that of a normal distribution.
This is close to the mean value for the kurtosis that Nikora et al. (1998) found for
natural gravel beds, of: K = 3.11. The range was 1.83–5.44. Nikora et al. (2001b)
calculated K = 4.25 ± 0.19.

The estimated probability density of the bed elevations (not of the protrusions)
is presented in figure 3.4. This is a way of visualising the structure of the ideal bed.
Several possible definitions of the ‘bed level’ are indicated on it – e.g. the elevation
at which the porosity ε is 0.7 – so it can be useful to compare the various definitions.
The maximum bed level, and hence the maximum protrusion, is 0.22d above the
mean level of the tops of all exposed stones and 0.82d above the mean bed elevation1.
Unfortunately there is no precise information about the exact location of the hydraulic
bed level (where the logarithmic velocity profile becomes zero). Often a value of 0.15
to 0.35 under the tops of the roughness elements is mentioned, be it that these are
mainly values obtained from regular arrangements of spheres. This would lead to an
initial guess of a value to be used in the experiments of 0.4d±0.1d above the hydraulic

1A single sphere on a single layer of densely packed spheres has a protrusion of ≈1.06.
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Figure 3.5: Spatial covariance of the bed elevations.

bed level, although the shape of the stone is completely different. If we compare this
position with the positions of the particles in the experiments where the forces on
these particles were measured, it turns out that this agrees best with the set-up of
Chepil (1958). When the size distribution becomes wider, the (average) protrusion of
the large particles becomes larger, and that of the small particles will become smaller
(Egiazaroff, 1965). Clearly the shape of the particles will be of influence as well.

As we did not include local effects of blockage of the flow, we do not expect large
length scales to appear in the horizontal structure of the bed, nor do we expect a direc-
tion dependence. These two facts are confirmed when regarding the one-dimensional
spatial covariance function2 of the bed elevations with respect to an arbitrary hori-
zontal coordinate, x̃:

ρ∆x̃ =
〈yb(x̃)yb(x̃ + ∆x̃)〉

σ(yb)2
.

This function is plotted in figure 3.5. It is the same for all horizontal directions.

3.6.1 Time dependence

If experiments on stone stability are executed with a non water-worked bed, more
stones will move than with a water-worked bed. Therefore the estimated damage will

2Often the related structure function is used to characterise the horizontal structure of the bed

(Nikora et al., 1998; Marion et al., 2003). However, the covariance can directly be linked to this

function and is better known.
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Figure 3.6: Development of the bed structure as a function of the number of entrained stones

n (run 4). The equilibrium value lies within the dashed lines.

be too much, which will lead to conservative design rules. Hence it is important to
know when a bed is water-worked. To this end we plotted the development of some
parameters of the bed topography as a function of the number of removed stones
in figure 3.6. At the moment that these parameters reach their equilibrium value,
the bed can be regarded to be water-worked. Logically the mean bed level decreases
at a constant rate when stones are removed. The standard deviation decreases as
well. Even though the standard deviation of the bed level is not the only parameter
describing bed roughness, this will probably still be in line with a decreasing hydraulic
roughness. The negative skewness increases in absolute value. This can be explained
by the fact that the stones that are removed represent the extreme positive excursions
of the bed level, whereas the negative excursions are not removed by removing the
upper stones. The kurtosis is seen to decrease as well. Some sudden ‘jumps’ in the
line (which is an average over five simulations) can be seen. This indicates that the
removal of a single stone in this 60d × 40d area can already influence the kurtosis
drastically, for instance by uncovering a pore that is a few diameters deep.

The number of stones that have to be removed in order to roughly reach the
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equilibrium bed with converged statistics, Nww, is seen to be of the order:

Nww ≈ 0.5
A

d2
(3.3)

where A is the bed area regarded. This value depends on the initial bed geometry,
and this geometry depends on the collision characteristics. Hence this number might
vary. However, the value for the coefficient of restitution used is in line with that for
natural sediments (Schmeeckle et al., 2001). The number of exposed stones is about
0.38A/d2, which is less than Nww. This implies that one has to wait at least until all
exposed stones have moved once prior to conducting an experiment on stability. It
also implies that a prototype bed protection will only obtain its final strength, after
all top stones have moved. This number is very high due to our representation of the
effect of water-working. In reality not all the stones are removed from the bed; several
end up in a stable position. Moreover, all of the above is only valid for granular layers
of several stone diameters thick, otherwise an equilibrium bed will not form in the
first place. The orientation of the stones can also alter when the stones are rocking in
consequence of the fluctuating hydraulic load. This effect will lead to water-working,
without removal of many stones from their pocket.

Above, it was shown that water-working depends on the number of stones that
have moved. The data of Forschelen (1999) also collapsed when normalised by the
time at which a certain number of stones had moved. This means that applying a flow
to an initial bed for a certain time prior to doing stability experiments with different
hydraulic loads – which is the normal practise – will result in different initial beds for
the experiments. It would be better to start all experiments with beds from which a
certain number of stones has moved (i.e. a fixed duration at an equal, high load, after
which a similar number of stones can be expected to have moved).

3.7 Summary and discussion

It has been shown that sequentially dropped, frictionless, uniformly sized, spherical
stones, of which the most protruding stones have been removed, form beds with sta-
tistically similar surface characteristics. The exact collision and hydraulic parameters
do not significantly influence this bed configuration. This random bed is the most
natural bed one can model relatively easily, and which is described precisely. Even
though the bed is stochastic in nature, there exists a maximum protrusion of the
stones. This maximum protrusion is 0.22d from the mean level of the tops of all
exposed spheres (the spheres without other spheres resting on them), or 0.82d from
the average bed level (the mean value of all bed elevations). This is about 0.4d±0.1d

above the hydraulic bed level (origin of the log-law). The protrusion of the stone used
in the experiments should be of the order of this protrusion.
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When the first hydraulic load is applied to a just deposited granular layer the most
unstable stones reposition and reorientate. This causes the bed surface characteristics
to change, the so-called water-working. In this chapter we define a water-worked bed
to be a bed from which the most protruding stones are removed. This is a model for
an eroding bed, instead of for a bed on which equilibrium transport has taken place.
As the least stable stones are repositioned, it can be stated that a water-worked bed
obtains its true strength.

These theoretical findings lead to some conclusions regarding bed protections.
The random bed especially resembles bed protections made by dumping stones, not
by placing stones. Just after construction of a bed protection, or at the first large
load on it, some stones are expected to move. This does not mean that the protection
layer has failed. The real strength is reached when the surface characteristics do not
change after removing a stone.

For the ‘ideal’ bed considered here the number of stones that have to have moved
to obtain an equilibrium bed, is as high as ≈ 0.5A/d2. As real stones have a distinct
shape, the water-working also occurs by reorientating stones, and by the stones that
redeposit on the bed. Therefore the number of stones that have to be moved from a
real bed to assure that it has been water-worked is lower. The randomness of the bed
presented here is only assured for thick layers of rock.

The water-worked bed does have a deterministic critical load that represents the
load needed to displace the most unstable stone. However, as this load is dependent
on several stone characteristics in reality, and not only on the protrusion, it is difficult
to determine.

With most measurement techniques the bed elevations in the pores cannot be
resolved. The exponential left tail of the probability density in figure 3.4 represents
the bed elevations in the pores. The standard way of measuring bed protections is
by a point gauge with a hemisphere on its tip. This means that the pores are not
resolved. Therefore the measured mean bed level will be higher than the real mean
of all bed elevations. Measurement techniques with a higher resolution will yield a
lower bed level. This is also concluded by Meulepas et al. (1999).

Conclusions can also be drawn on model tests of bed protections. At the start of
a flume test concerning bed stability some loose lying stones will move first that do
not determine the real ‘strength’ of a bed protection. Therefore, prior to experiments
on bed stability the bed must be water-worked. Otherwise the entrainment of stones
will be overestimated, and with that the damage. This will lead to conservative
designs of bed protections. The number of stones that have to move before the bed
is water-worked is dependent on the initial bed geometry. Therefore a bed is only
water-worked when a certain number of stones (per unit of area) have moved, not
when flow has been applied for a certain time.
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Chapter 4

Experimental Arrangement

4.1 Introduction

In this chapter the experimental techniques, set-ups and configurations that were
employed are described. Two experimental series were conducted. The first focussed
on the relation between velocity near and pressure fluctuations on bed material. The
second focussed on the relation between flow structures and initial stone movement.
To this end, two measurement techniques were developed for the present use. One
was the use of miniature pressure sensors, the second was Particle Image Velocimetry
(piv). In the next sections the two measurement techniques are described. This is
followed by two sections describing the set-ups of the two experimental series.

4.2 Pressure transducers

During both experimental series pressure sensors were used. The pressure measure-
ments were previously described in Hofland (2001). At the start of the project the
following requirements were formulated: the sample frequency had to be at least 100
Hz, the accuracy had to be at least 1 N/m2, the measuring area could be 0.5 cm ×
0.5 cm at most and the full range had to be at least 2500 N/m2. The sensor had to
be water resistant and so small that it could be placed inside an artificial stone. It
was not clear yet whether sensors existed, meeting the criteria.

Especially the low range, and corresponding high accuracy, were found to be
characteristics rarely available in commercial pressure transducers. Still two suitable
sensors were identified from Druck and Honeywell, see figure 4.1. Both work by
a piezo-resistive technique. The piezo-element is a small silicon diaphragm that is
subjected to a differential pressure. In the present application one side is connected

55
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Figure 4.1: Selected pressure sensors, Honeywell (left) and Druck (right) (different scales,

approx. 1:1).

to the atmosphere and the other side to the medium in which the pressure has to be
measured. The electrical resistance of the diaphragm changes when it is bent by the
pressure difference, and this property is used to measure the pressure.

The Honeywell transducers (24pce series) have a full-scale range of 3450 N/m2,
a response time of < 1 ms, and a maximum error due to non-repeatability, hysteresis
and non-linearity of 0.4 % full scale. The size of the measuring diaphragm is 2 mm
× 2 mm. The transducers have a rather large temperature dependence.

The Druck transducers (pdcr series) have a full-scale range of 7500 N/m2 and
similar accuracy as the Honeywell transducers. They are ready-to-use, water-resistant
and have a disc of 5 mm diameter as measuring area. They are temperature compen-
sated.

The Honeywell sensors were chosen because of the fact that they were the smallest
and the measuring range fitted the present application best. The plastic casing of the
Honeywell sensors could easily be reshaped. The Druck sensors were made of steel,
and were therefore more difficult to install. With the Druck sensors the atmospheric
pressure was led through a thin tube such that it took a long time for the dry pressure
side to adjust to atmospheric pressure changes. The Honeywell sensors were not
temperature compensated. However, the temperature of the water did not vary more
than 0.1◦C during the experiments, so this did not pose a large problem. Considering
that the Druck sensors were roughly a factor hundred more expensive, and that the
results of the Honeywell sensors seemed better, the choice was easily made.

An example of pressure measurements using the Honeywell sensors is given in
figure 4.2. This shows spectra of fluctuating pressures on a bed-mounted cube. It can
be seen that the spectra for three different discharges collapse well when normalised
with the bulk mean flow velocity, U . This is what is expected with the high Reynolds
numbers of these trial experiments.
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Figure 4.2: Pressure spectra (Gii) on a bed-mounted cube in a granular bed. The right plot

depicts normalised pressure spectra. D is the pressure difference between the

upstream and downstream face of the cube, L the pressure at the top face.

Especially the flume used in the first experimental series was subject to environ-
mental vibrations that led to spurious pressures. These pressures could partly be
filtered out by techniques that are discussed in appendix A.

4.3 Particle Image Velocimetry

In this section the Particle Image Velocimetry (piv) technique will be described. First
the general principle of the technique is briefly described, after which the specifics of
the equipment and set-up used are described.

4.3.1 General technique

The piv technique can be used to measure instantaneous flow fields. This enables
examination of the spatial structure of the flow. The piv method most commonly used
at present is double-frame, single-exposure digital piv. For the 2D implementation of
this technique – which was used – two separate images are made of an area in a flow by
a ccd camera. The flow is visualised by adding seeding particles to the fluid. These
small particles scatter the light and follow the flow well. As the seeding particles are
very small, a powerful illumination of the measuring area is needed. A laser is mostly
used for this. The coherent light can be shaped to a light sheet that illuminates the
required plane in the flow. When one calculates the two-dimensional correlation of
the measured light intensity in small parts (windows) of two sequentially recorded
images, the maximum correlation is found at the mean displacement of the seeding
particles in the flow. This is a direct indication of the velocity at that ‘point’. As the
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Figure 4.3: Two consecutively recorded 32 by 32 pixels windows and the 2D correlation of

the two (right). A lighter shade is a higher value of light intensity or correlation,

respectively.

images are made by a ccd camera, all information is digitised from the start of the
process. This enables the user to process large amounts of data. A typical camera
has 5002 to 20002 pixels, which can be used to obtain a flow field with about 1000 to
60000 vectors. Example plots of two consecutive windows (32 by 32 pixels), and the
correlation peak indicating the mean displacement of the particles between the two
recordings are shown in figure 4.3. The highest value of the correlation is found at a
displacement of about nine pixels to the right and two pixels upward.

4.3.2 Equipment

A standard piv system (hardware and software of LaVision) was used to measure
streamwise and vertical 2D velocity fields in the centre of the flume. The dedicated
Kodak ES1.0 camera (1008×1008 pixels) and 50 mJ double New-Wave YAG laser
both have a maximum double-frame sampling frequency of 15 Hz. So velocity fields
can be obtained with a 15 Hz sampling frequency. The time interval between two
images can be set to a very wide range of values, as two separate lasers are used to
give the two light pulses. For the flow velocities used in the measurement typically an
interval time of 2 ms was used. The flow was seeded with hollow glass spheres of 10
µm diameter, which are only available in one size. The optimal situation is obtained
when a particle image is as large as two to three pixels, as the position of the particle
– and hence the velocity – can then be determined most precisely. Therefore these
particles were small for the present purpose (one pixel is 150 µm wide, compared to
a particle image of around 20 µm). Still, these were the best particles available. The
air inside them gives them good reflective properties and their small size and density
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Figure 4.4: Schematised piv set-up.

of 1100 kg/m3 lets them follow the flow1. And actually larger particle images were
observed in the recordings (see figure 4.3). This is probably due to the fact that the
particles can stick together and that the lens has imperfections. In a test set-up the
minimum amount of seeding needed to obtain a good measurement (for a 150 mm ×
150 mm measuring area) was determined at about 20 mg/l. The water has a slightly
milky appearance at these concentrations.

The set-up of the piv system as constructed in the laboratory is depicted in figure
4.4. The distance between light sheet optics and the measuring area was set to about
1.5 m in order to keep the divergence angle of the sheet width limited, yielding a
constant light intensity over the height. This distance could become very impractical
in the limited space available, therefore the optical rail, on which the optics are
mounted, was placed in line with the flume, and the laser sheet was guided towards
the measuring area using two mirrors where it was about 150 mm wide. It entered the
water surface undistorted through a streamlined and coated window of 20 cm long
and 1 cm wide, so that no free water surface was present where the sheet entered
the water. This window could be positioned a few mm into the water using micro-
positioners. It caused some small waves on its downstream side, but did not affect
the flow around the target stone.

1Using Stokes’ law, these particles are predicted to have a fall velocity of 5.4 µm/s and an

adaptation time (time in which an initial velocity difference decreased by a factor 1/e) of 6 µs. This

is negligible.
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The sheet optics consisted of three lenses. The first lens is a negative spherical
lens. The distance from this lens to the measuring area determines the width of the
sheet. A positive and a negative cylindrical lens placed just behind this spherical lens
determine the thickness of the sheet. The sheet still became slightly thick, so a 1.5
mm slit was placed in the sheet. This resulted in an 1.5–2 mm thick sheet with a
rather constant light intensity, see figure 4.5. A thicker sheet would decrease out-of-
plane motion of the seeding particles, but the resolution would decrease. With this
thickness of the sheet the measuring volumes in which the velocities are determined
are almost cubical, so a thicker sheet was not used.

The post processing of the images was done as follows – for an explanation of the
terms used see Raffel et al. (1998). The velocities were determined using a multi-pass
cross-correlation method with discrete window off-set, using window sizes of two times
32 × 32 pixels and one time 16 × 16 pixels with a 50% overlap. This gave a vector
spacing of 1.2 mm. The final results were checked using a median filter (with the
possibility to select the second-highest correlation peak), an absolute allowed vector
range, and a minimum ratio of the height of the correlation peak to the highest
noise peak of Q=1.1. The intermediate vector fields were checked with similar checks
(Q=1.4) and smoothed with a 3 × 3 Gaussian filter. The Kolmogorov length scale
was not resolved. Therefore the small-scale turbulence (wavelengths smaller than 2.4
mm) will cause noise in the determination of the velocity vectors. Still typically 90%
to 95% of all vectors were validated. The unresolved fluctuations will not lead to
significant forces on the stone and are therefore not of interest.

4.4 First experimental series

The first set of experiments was performed in order to obtain a data set of pres-
sures on bed material and simultaneous near-bed velocities. The results from these
measurements are mainly used to distinguish the different force-generating mecha-
nisms. These are analysed in chapters 5 and 6.

4.4.1 Equipment

The flume that was used had a steel frame and glass sides. It was 14 m long, 0.5 m
wide and 0.6 m high. Water was pumped through the flume from a central system in
the laboratory. It entered the flume via a stilling basin.

Stones were placed on the floor, one layer thick, from 5 m upstream to 2 m
downstream of a cubical model stone with pressure sensors mounted inside. The
stones can be classified as being shaped irregularly (CUR, 1995). The stones were
angular, i.e. the edges were sharp, like stone used for bed protections. They were
sieved with two sieves with openings of respectively 2.5 cm and 4 cm, in order to get
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Figure 4.5: Example of a single piv recording of flow over a rough bed.

a shortest axis (which points upwards) of about 3 cm length, which was the size of
the artificial stone used. Extremely elongated or flat stones were removed. Still quite
some variation was present in the heights of the stones. The flow velocity during the
experiments was too low to displace the stones.

A cubical shape was chosen for the model stone for a number of reasons. It has
sharp edges like the crushed stone used for bed protections, it is easy to describe, and
the flow around it is fairly easy to analyse. A 30 mm high, hollow cube was made from
stainless steel. The cube was placed in the axis of the flume with one face on the bed
and two vertical faces parallel to the flow direction. It was possible to move the cube
to different vertical positions, enabling different protrusions. The miniature pressure
transducers described in section 4.2 were used to capture the fluctuating pressure
fluctuations on the cube. They were mounted inside the cube with their diaphragms
under pinholes in three faces of the cube, in the centre plane of the flume, see figure
4.6. The electrical wiring and a tube connected to the atmospheric reference pressure
were led through the bottom of the flume. A reference pressure sensor was placed
in a cavity under the bed to measure spurious pressures generated by environmental
vibrations.

A 2-component, 4 mW Laser Doppler Velocimeter (ldv) was applied for the veloc-
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Figure 4.6: Longitudinal section of the instrumented model stone, including three pressure

transducers, for Π = 1 cm.
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Figure 4.7: Longitudinal bed profiles, averaged over the cube width, for bed 1 (thin line) and

bed 2 (thick line). The average local levels upstream of the cube are indicated

by the dashed lines (thickness corresponding to the bed profiles). The cube is

centred at x = 0.

ity measurements. It uses the forward-scatter, reference-beam method. By changing
the front lens of the laser the measuring volume can be altered. A 400 mm lens
resulted in a measuring volume with dimensions of about 10 mm in spanwise direc-
tion, and 1 mm in the other directions. Measurements were done 1 cm upstream of
the cube. The laser could be traversed up and down. The sampling frequency was
fs=500 Hz for both the velocity and the pressure measurements. This was enough to
resolve the scales that are important for the drag and lift force fluctuations (resolution
≈ U/fs ≈ 1.5 mm � dcube).

All pressure and velocity signals were low-pass filtered with a cut-off at the Nyquist
frequency (using the same filter) and recorded simultaneously using a data-acquisition
board. Both the tracker of the ldv and the pressure amplifiers have a bandwidth
larger than 1 kHz, which ensures that the time delay of the signal is smaller than
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the sampling interval of 2 ms. The pressure diaphragm was placed about 3 mm from
the outside of the cube giving a flat frequency response under the present Nyquist
frequency. These facts ensure that the signals are recorded simultaneously.

Water levels were measured with Pitot tubes at three positions in the flume. The
reproducibility of a measurement was within 0.2 mm. The accuracy of one water level
measurement is estimated at 0.4 mm. The discharge was measured by an orifice plate
in the inflow pipe with an accuracy of about 0.7 l/s.

4.4.2 Configurations

Three flow configurations were considered. A uniform flow (case U), a transition of a
smooth bed to a rough bed with developing turbulence (case T) and a backward-facing
step (case S). Table 4.1 mentions the flow conditions used for these cases.

The first was a uniform open channel flow (case U). Actually, the flow was not
completely in equilibrium, as the bed was horizontal, leading to a slightly accelerating
flow, although effects of this are expected to be small. All experiments for case U were
repeated once for every combination of discharge and protrusion of the cube with a
different bed-layout. Between the two series the stones on the bed were randomly
replaced. Each bed was made with the same stones, placed with the same density,
so that the mean features of the bed (e.g. roughness) were unaltered. However, the
micro-topography around the cube was changed due to the random placement of the
stones.

The exposure is defined here as the height of the top of the stone to the local mean
upstream bed level. This bed level was determined by averaging the bed elevations,
that were measured in three longitudinal sections, over a length of 15 cm upstream of
the cube. The measured heights of the stones, including the upstream bed levels as
defined here are depicted in figure 4.7. It turned out that the two randomly placed
beds had a different upstream level, so that, with two heights of the cube relative to
the flat bottom of the flume, four exposures were measured, the values of which are
given in table 4.1.

The second configuration was a transition from a smooth bed to a rough bed (case
T). To achieve this configuration, all stones more than two water depths upstream
of the cube were simply removed from the flume. This enabled measurements at 2h

downstream of the smooth-rough transition (h is the water depth at the location of
the cube). In this configuration the large-scale turbulence has not developed yet, so
the relative turbulence intensity near the stone will be less than for case U. The stones
near the cube were left in the same positions as during the second series of case U.
This enables a fair comparison between the two cases, as the micro-topography was
unaltered.

The third configuration was a backward-facing step (case S). Now a 3 metre long
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Case bed Π e Q h Re Re∗ τb

# [cm] [cm] [m
3

s ] [m] [-] [-] [ N
m2 ]

U 1 0 1.1 0.065 0.168 1.3·105 3250 11.3
U 1 1 2.1 0.065 0.166 1.3·105 3250 11.8
U 1 0 1.1 0.055 0.161 1.1·105 2650 7.6
U 1 1 2.1 0.055 0.159 1.1·105 2650 7.5
U 1 0 1.1 0.045 0.157 0.9·105 2200 5.2
U 1 1 2.1 0.045 0.156 0.9·105 2200 5.5
U 2 0 1.5 0.065 0.169 1.3·105 3250 12.1
U 2 1 2.5 0.065 0.167 1.3·105 3250 12.3
U 2 0 1.5 0.055 0.162 1.1·105 2650 10.9
U 2 1 2.5 0.055 0.157 1.1·105 2650 6.9
U 2 0 1.5 0.045 0.156 0.9·105 2200 5.8
U 2 1 2.5 0.045 0.154 0.9·105 2200 4.4
T 2 0 1.5 0.055 0.160 1.1·105 2600* 7.6*
T 2 1 2.5 0.055 0.159 1.1·105 2600* 7.5*
S1 2 0 1.5 0.035 0.201 0.7·105** –* –*
S1 2 1 2.5 0.035 0.200 0.7·105** –* –*
S2 2 0 1.5 0.035 0.198 0.7·105** ≈0 ≈0
S2 2 1 2.5 0.035 0.198 0.7·105** ≈0 ≈0

Table 4.1: Flow conditions for the measurements of the first series. *) τb for cases T and S

are unreliable, as the water slope is not constant. **) based on local values of h

and 〈u〉h.

and 11 cm high (i.e. 8 cm above the stone layer) step with a smooth surface was
placed at two positions upstream of the cubical model stone such that measurements
were made at 12hs (case S1) and 8hs (case S2) behind the step (hs is the step height).
The first position is downstream of the reattachment point, the second approximately
at the reattachment point. For this configuration the stones surrounding the cube
remained at the same positions as for case T and the second series of case U. The
Froude number on the step had to be low to prevent the water surface becoming
undular, so the water depth was increased, and the discharge was decreased (table
4.1).

The positions of the pressure sensors, giving pressure signals pi, are shown in
figure 4.6. Indicators for the potentially displacing fluctuating drag and lift forces are
obtained from the measured pressures by D = p1 − p3 and L = −p2, respectively.
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The pressure sensors used to form D are located at the same height so vibrations are
thought to give the same pressures at these locations. Therefore the vibrational noise
is cancelled automatically from these signals (see difference filter in appendix A.3).
As the bottom of the cube was attached to the floor it was not possible to estimate the
lift pressure by measuring a gradient. Therefore only the top pressure was used. The
environmental vibration could be filtered from this signal using the reference signal.
Further, the measured point pressures have to be translated to forces. In the analysis
it will become clear that the fluctuating horizontal pressure difference (D′) is created
by large-scale / low-frequency flow structures. This means that the pressure measured
at a point will be representative for the stagnation pressure. Therefore D′ and ‘drag
force fluctuation’ are qualitatively interchangeable. For L′ this is more difficult. Due
to instrumentation reasons the pressure sensor at the top could not be placed near
the leading edge op the cube, where streamline contraction, and the largest Bernoulli
lift was present. Nevertheless, the present position of the sensor did enable us to see
that the second term in eq. (2.13) does make a contribution to the total force.

The determination of the average pressures was rather imprecise. Because the
pressure signal had an unknown offset due to the large amplification of the signal, the
mean pressure was determined using the measured mean pressures and water levels
before and after stopping the flow. This gave a combination of several error sources,
resulting in an error of about ±10%.

The bed shear stress was determined with the following equation:

τb = ρ(β U2 − gh)
∆h

∆x
, where β =

〈
u2
〉
h

〈u〉2h
(4.1)

in which an overbar denotes a time average and pointed brackets a spatial average.
The cross-sectional averaged velocity U=Q/Bh (used as an estimate of depth averaged
〈u〉h), the water depth, h, and the water surface slope ∆h/∆x were measured. The
term ρβ U2∆h/∆x appears in the momentum balance due to the horizontal bed of the
flume. β was determined from a log-fit through a measured velocity profile, resulting
in the value 1.06. The side-wall contribution to the total shear stress was neglected
because of the large roughness of the bed. As D, L and τb could not be measured
with great accuracy, ρU2 will be used as a scaling variable for the pressures.

4.4.3 Mean flow characteristics

In figure 4.8 the average velocity profiles, Reynolds stress, and turbulence intensities
for the various cases are presented, normalised on the basis of the depth-averaged flow
velocity 〈u〉h. The measured turbulence intensity in case U is low compared to the
equations given by Nezu & Nakagawa (1993), given in figure 4.8. This is probably
caused by the low h/d ratio (Wang et al., 1993).
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Figure 4.8: Vertical profiles of mean velocity (left), Reynolds stress (middle) and turbulence

intensity (right), normalised by depth and time averaged longitudinal velocity

〈u〉h for cases U, T, S1 and S2. Turbulence intensities for σ(v) have filled markers.

The fluctuating drag and lift indicators D′ and L′ (D′ = p′1 − p′3 and L′ = −p′2)
were determined accurately. In figure 4.2, example spectra of both components are
depicted for three discharges. As the length scales (depth and stone size) are the same
in all cases, the spectra should collapse if the time scale is removed from both axes.
So G was divided by U3, and f was divided by U . It can be seen that the spectra
collapse well, indicating that the flow is fully rough.

4.5 Second experimental series

The second series of experiments was performed in order to see whether certain co-
herent flow structures are responsible for the entrainment of stones. It has a broader
scope than the first measurement series. In the first series only the relation between
the flow near a stone and the pressures on it is studied, whereas in the second series
the origin of these near-bed velocities is examined, and additionally it is examined
when the forces actually cause the displacement of a stone.

The piv technique as explained in section 4.3 was used to capture the flow field at
the time of movement of a stone. We focussed on the movement of a single stone, the
target stone. This stone was repositioned at the same position several times. This
made it possible to average the flow field at the moment of entrainment and study
the average flow field that causes entrainment of the stone, without the variability
of the micro bed structure. Additional to the piv measurements, pressure sensors
were placed inside stones surrounding the target stone. De Ruijter (2004) gives more
details on the set-up. The measurements are analysed in chapter 7.
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4.5.1 Equipment

A flume of 20 m long and 0.495 m wide was used. The water was recirculated in order
to preserve the seeding for the piv. A centrifugal pump powered the flow. The bed
protection was modelled with angular stones with a dn50 of 1.78 cm, an average shape
factor of SF = 0.57, and a grading width of dn85/dn15 = 1.27. They were placed in a
layer of about 1.54dn50 thick. Their size and density were such that they did not move
under the flows conditions used. Under this layer concrete slabs were placed first with
stones cemented in them which protruded about half their diameter (dotted line in
figure 4.9). The spacing of the half-protruding stones was such that no porosity-jump
was present near the fixed bed. This procedure also causes a more random placement
of the stones on top. Besides the piv and pressure measurements, a motion sensor
was placed under the target stone (see triangle in figure 4.9). This sensor measured
whether (a piece of metal under) the target stone was within 1 mm of it. This way
it could be monitored when the (moving) target stone was in contact with the bed.
The water level was measured at three streamwise positions, and the discharge was
measured by determining the pressure drop in the smooth, straight pipes with the
return flow.

point of rotation
target stone

L1

L2

D1

centre
off-centre
fixed bed
lift sensor
drag sensor
motion sensor

y
(c

m
)

x (cm)
-5 0 5 10 15

0

1

2
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4

5

Figure 4.9: Measured longitudinal sections of the bed level near the target stone, indicating

positions of pressure sensors. The y-coordinate is different than for the flow

results.

4.5.2 Artificial stones

The use of a single moving stone (the target stone) means that all spatial parameters
can be kept equal in different experiments, enabling one variable to be changed at a
time.

In order to let only a single stone move, it was copied from a real stone using a
less dense material, a two-component epoxy resin with ρs≈1500 kg/m3 (‘Alabastine
houtrotvuller’). The moulds for making the stones were made from latex. By adding
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Figure 4.10: Sketch of instrumentation and set-up around target stone, with detail of the

hinge (right).

pvc to the epoxy resin, the same stone could be reproduced in different densities.
The target stone used most often had a dn almost equal to dn50, a ∆ of 0.3, and
a shape factor of 0.62. As the main mode of movement is pivoting or rolling (see
appendix B), the stone was hinged in such a way that it could rotate around a point
downstream of it (see figure 4.9). Further, the motion of the stone was obstructed
by a little bar after pivoting over 10◦–40◦. This obstructing bar was part of the axis
around which the target stone could rotate, see figure 4.10. During experiments, when
the stone reached the bar, the force on the stone was increased, as its exposed area
was increased. The allowed angle of rotation was chosen such that the stone, when
it reached its maximum rotation possible, would remain pushed against the bar for a
noticeable duration before it would fall back with the passage of a negative velocity
fluctuation. If the stone was allowed to rotate further, it would not fall back. This
means that it would have moved from its position without the bar present.

Six pressure sensors and a motion sensor were installed around the target stone.
They were placed in artificial stones. Figure 4.9 shows the measured positions of the
sensors, and figures 4.10 and 4.11 show sketches and photographs of the set-up. A
piece of granular bed was mimicked with the instrumented and other artificial stones.
These stones were glued together to prevent their movement and placed on a 20 cm
× 10 cm plate, which could be placed on a cavity in the bed. These stones had
the same grading, layer thickness and porosity as the surrounding bed. There was
only place for one pressure sensor per stone, so a direction had to be chosen. As the
fluctuating lift forces usually have small length scales, the spatial coherence will be
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Figure 4.11: Left: mimicked bed under construction including moulds, wiring, epoxy-resin,

etc. Right: mimicked bed in place, with target stone in the centre.

limited. Therefore sensors pointing upwards were put under the laser sheet, in the
axis of the flume. The drag force usually has larger length scales, so sensors pointing
horizontally upstream were placed off-axis, while the relation between velocity and
drag force can still be examined. One sensor was placed in the stone under the target
stone, in order to see how the pressure in the pore under the stone changes at the
time of movement. A reference pressure sensor was present under the bed, which
measured the spurious environmental pressures.

As the light sheet of the piv system is illuminated from above, the stones on the
bed are illuminated by the laser. In order to avoid overexposed recordings by the
reflections from the bed, the stones under the sheet were painted with red fluorescent
(Rhodamine) paint, and a green band-pass optical filter was placed in front of the
camera lens. This way a large part of the reflected light from the stones was red, and
was stopped by the optical filter. From trial tests we saw that in this way the amount
of light from the laser could become 4 times larger than without the filter – which
made the difference between a successful and an unsuccessful measurement – while
the movement of the target stone was still visible on the recordings.

4.5.3 Timing

The aim of the experiments was to obtain piv recordings just prior to, during, and
after stone movements. The piv recording could only be saved to hard disc at a rate
of about 2 Hz. Therefore high frequency (15 Hz) recordings could only be made when
the recordings were stored in ram memory. This led to a limited storage capacity
of 20 s of measurements. As in some cases the stone moved on average once every
hour, the piv and pressure measurements were only saved when the stone was not in
contact with the bed for a certain time, and was thus regarded to have rolled away.
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Recording should not start at the moment the stone first moved, as the flow field prior
to the stone movement is also of interest. Hence recordings were made continuously
and stored in a ring buffer (i.e. the oldest image in memory is replaced by a new
recording). A macro was implemented in the piv software (DaVis) that checked the
signal of the motion sensor to determine whether the target stone had moved during
the continuous measurements. When this happened, the macro waited for a fixed
extra duration, after which the continuous recording was stopped. In this manner
measurements from a few seconds before to a few seconds after the entrainment of
the stone were stored in the computer memory, which could then be saved to disk.
A new recording started automatically when the prior data were saved and the stone
was back in its original position. In principle the duration between the detachment
of the stone and the first consecutive piv recording were measured accurately by the
motion sensor. This would allow for a precise determination of the position of flow
structures that lead to movement of the stone. Due to instrumentation problems,
however, it was not possible to use this information.

In order to determine the unconditional flow statistics, additional recordings were
made with the stone fixed to the bed, consisting of 300 frames, sampled at 0.5 Hz.

Two modes of motion of the target stone are discerned, rocking and rolling. The
target stone is assumed to have rolled (i.e. displaced from its pocket) if it has reached
the obstructing bar. When rolling, the entrained number of stones is increased. When
merely rocking, the stone stays at the same position, and the entrainment is not
influenced. The fact that the stone is sometimes pushed against the bar (i.e. would
have rolled away) shows up in the bimodality of the histogram of the durations of the
periods that the stone is detached from the motion sensor, ∆Tup, in figure 4.12. If the
stone is pushed against the bar it takes much longer for it to fall down again. This
gives the small second maximum at ∆Tup ≈ 8 s. This fact was used to automatically
start the recording of the piv images. The target stone was assumed to have rolled
– and therefore recordings were made – when the duration of detachment exceeded
the time between the two maxima in the histogram (∆Tup=1 s). Otherwise the mode
of movement was regarded as rocking. The threshold of one second was not strictly
dividing both modes of movement, so for determination of the real movements, visual
inspection of the recordings was still necessary. For the uniform flow the mean velocity
was high, so with a threshold of 1 s, a good division could be made between rocking
and rolling. For the bfs this was more difficult, as after the passage of the flow
structure that moved the stone, the stone would fall back very quickly.

4.5.4 Configurations

Two flow configurations were studied during the second experimental series, viz. a
uniform flow and flow behind a backward-facing step (bfs). See table 4.2 for the
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Figure 4.12: Left: histogram of the durations during which the target stone is detached from

the bed. Right: histogram of the intervals between events where ∆Tup > 1 s.

specific flow conditions.
For the tests with a uniform flow, the flow parameters were kept more or less

equal for most tests. The water depth could not be changed too much, as increasing
it would give a low B/h ratio, and decreasing it would give a high d/h ratio, both
of which will lead to a flow profile that deviates from the standard law-of-the-wall.
Fifteen different measurements were made, most of which were trial experiments. In
the end five cases were selected with many stone movements, see table 4.2. Case
U007 is considered to be the reference case, other measurements have one variation:
a larger water depth (U009), a lower mobility, (U005), a larger exposure (U003), or
a different target stone (U014). The column presenting the number of events only
comprises the events where the stone actually would have rolled from its pocket.

For the bfs case a 5 m long and 12 cm high step was placed upstream of the target
stone. Like during the first experimental series, the flow velocity had to be lower than
for the uniform case to prevent a wavy water surface. Under these flow conditions the
least dense target stone (∆=0.3) only moved near the reattachment point. So only
around that location recordings of a moving stone could be made (cases B006 and
B009, see table 4.2). The other recordings were used to determine the development
of the flow field behind the step.

4.5.5 Mean flow characteristics

Uniform flow. The Reynolds number was around 105. The turbulence was con-
sidered fully developed with the rough bed spanning a length of 66h upstream to
28h downstream of the target stone. The width/depth ratio of about 3 implies the
presence of secondary flow.
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Case stone dn fmov # xs/hs Q h Re Re∗ u∗
# [cm] [hr−1] events [-] [m

3

s
] [m] ·104 ·103 [ cm

s
]

U003 3 1.8 20.9 34 ∞ 0.050 0.160 10 - -

U005 3 1.8 0.6 3 ∞ 0.043 0.148 8.6 1.07 6.0*

U007 3 1.8 6.5 33 ∞ 0.051 0.159 10.2 1.14 6.2*

U009 3 1.8 39.3 61 ∞ 0.058 0.173 11.6 1.19 6.7*

U014 2 1.7 15.3 50 ∞ 0.042 0.144 8.4 1.07 6.0*

B006 3 1.8 0.8 8 12.1 0.033 0.175 6.7 - -

B009 3 1.8 0.7 4 14.3 0.033 0.179 6.7 - -

B007 3 1.8 0 0 8.2 0.033 0.175 6.7 - -

B008 3 1.8 0 0 10.1 0.033 0.175 6.6 - -

B010 3 1.8 0 0 0.7 0.032 0.170 6.4 - -

Table 4.2: Flow conditions of the measurements in the second experimental series. *) The

shear velocity was determined from the water-surface slope, the values obtained

from a log-fit were about 10% higher.

The bed shear stress was determined from the water level slope using eq. (4.1). For
case U007 this gives a Shields factor of Ψ = 0.073, using the ∆ of the target stone.
The low movement frequency of the stone (6.5 hr−1) was expected at a lower Ψ.2

It could be that because of the low stone density the added mass is relatively more
important – which increases the critical Shields factor – or that the placement of the
stone was relatively stable.

According to eq. (2.17) bed load transport increases rapidly with a slight change
of the shear stress. This is indeed seen in measurements U005, U007, and U009: while
the shear stress increases 25%, the movement frequency becomes 65 times higher.

The bed level was determined by fitting eq. (2.1) through the measured velocity
profile, even though 0.2h < 5d. In the region between y = 0.006 m and y = 0.05 m
the log-law was fitted through three measured profiles. The optimal value for y=0
was obtained with the least squares method (based on errors on a log-scale), and the
mean value for y0 was used. With this y0 the log-law was fitted again. The resulting
log-profiles, including the linear profile between the roughness elements (Nikora et al.,
2001b) is given in figures 4.13 and 4.14.

The measured streamwise turbulence intensity is also given in figure 4.13 and
corresponds reasonably well to eq. (2.2).

2Assuming a constant displacement length of 5d, a coverage of 33% of the surface by loose

stones, and that all these stones have the same chance of movement, the transport parameter, Φ was

estimated. Using eqs. (2.17) and (2.18) this leads to Ψ ≈ 0.040 and Ψ ≈ 0.056 respectively.
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Figure 4.13: Left: streamwise velocity for cases U005, U007 and U009, including a fit of the

linear-logarithmic profile. Right: profile of the streamwise turbulence intensity

for the same cases and eq. (2.2). The u∗ values from table 4.2 were used.
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Figure 4.14: Velocity profiles (Q=43, 51, 58 l/s) relative to target stone.

Backward-facing step. The y=0 position that was found for the uniform flow –
see figure 4.14 – was used as reference bed level. Using this level, the step height was
determined at hs=0.067 m.

Figure 4.15 shows the mean flow field. The reattachment point can be seen to be
situated about 12 step heights from the step. This is quite far compared to Nakagawa
& Nezu (1987). Apart from the large reattachment length – this is treated further
in the next section – the flow over the bfs seems to correspond to similar flow fields
as described in literature, with increased turbulence levels originating in the mixing
layer that reach the bed around the reattachment point.
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Figure 4.15: Vertical profiles of u (top), and σ(u) and σ(v) (bottom, solid and dashed lines

respectively) for bfs.

4.5.6 Position of the target stone

It is important to know whether the target stone represents a realistic stone in a
realistic position. It has to be not too stable nor too unstable. Otherwise the flow
processes that displace stones in reality will not be found. Due to the random nature
of the bed, it is very difficult to determine whether the stone has a characteristic
position. A first tool that we can use in order to check the position of the stone is
the discrete particle model (dpm).

target stone

D1 D2
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y
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m
)
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Figure 4.16: Measured streamwise bed profile for second experimental series.

In table 4.3 the characteristics of the elevations of the ideal random bed of spheres
(chapter 3), the bed used during the second measurement series, and two prototype
beds (Meulepas et al., 1999) are compared. The values for the ideal bed differ from
those in chapter 3 as the nominal diameter is used to make the values dimensionless.

The values of σ(yb)/d, S, and K for the prototype beds and the bed in the tests
are comparable. Only the extreme elevation is much larger for the prototype beds.
This is consistent with the fact that no water-working was applied to the prototype
beds. Therefore the bed used for the measurements is further compared to the ideal
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σ(yb)/dn S K
Πmax

dn50

∗ Πmax

σ(yb)

∗

Spheres 0.63 -1.35 6.3 1.0 1.6
Bed 2 0.44 -0.57 3.1 0.7 1.6

VBKO 40–200 kg 0.42 -0.26 3.1 1.2 2.9
VBKO 10–60 kg 0.57 -0.33 3.2 1.4 2.5

Table 4.3: Comparison between parameters of the elevations of the ideal random bed of

spheres, of the bed of the second experimental series, and of two prototype beds

(Meulepas et al., 1999, VBKO in table). *) Πmax is the protrusion of the target

stone for the real bed.

bed.
A first observation in this comparison is that the standard deviation of the bed

elevations of the ideal bed (i.e. the flattest random bed possible for spherical stones)
is even higher than the standard deviation of the bed used during the measurements.
This is unexpected as the real bed consists of irregularly shaped stones. However, it
can be explained by the fact that the real stones will in general have their shortest
axis upward, which will decrease the standard deviation of bed elevations.

Further, the bed elevation in the measurements has a negative skewness like the
ideal bed, be it less extreme. In this bed, which was about 2dn high, no very deep
holes could be present. And if there would be, then they would probably not have
been measured due to the resolution restrictions of the measurement. This could also
be the reason why the kurtosis of the real bed elevation almost has the exact value of
a Gaussian distribution (i.e. 3).

The characteristic of the target stone that is most easy to compare is its vertical
extent (protrusion). We can see from table 4.3 that it is comparable to the maximum
protrusion of the ideal bed, when normalised by the standard deviation of the bed
elevations. However, which kind of structure will eventually move the stone also
depends on the orientation and shape of the stone. In chapter 2 it became clear that
the orientation of the single stone is the most important factor influencing its stability.
The shape of the target stone is typical for bed protections. It has sharp edges, and
a normal shape factor. Its smallest axis points upwards. This means that the area
on which a lift force can act is usually larger than the vertically exposed area that
determines the drag force.

The orientation of the top stones often becomes tilted away from the flow. The
quasi-steady drag force is less effective on these stones. The present stone position
is therefore probably illustrative for a water-worked bed. The lower the protrusion
or the higher the pivoting angle, the more important the twp forces become. In
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order to check whether the twp are also important for the first movement of a stone
with a higher protrusion, a measurement was made with an increased protrusion of
the target stone (case U003). For this position, similar flow structures still caused
movement of the stone.

4.6 Reattachment length

In both backward-facing step (bfs) configurations, a very large reattachment length
downstream of the bfs was measured (10–12 hs), while in open-channel flows with a
smooth bed reattachment lengths of 5–6hs are generally found. The main difference
between these and the present measurements is the presence of roughness downstream
of the step. Besides the possible influence of the roughness, the Froude number
and the presence of an adverse pressure gradient have been reported to influence
the reattachment length (Nakagawa & Nezu, 1987; Simpson, 1989, respectively).
Therefore we plotted the reattachment length xr against the Froude number at the
reattachment point in figure 4.17. Here we see that the reattachment length for the
different rough bed measurements is much higher. Moreover, the reattachment length
generally increases with Froude number. The influence of the Froude number appears
larger for the experiments with rough beds.

Another factor that influences the reattachment length might be the aspect ratio
B/h, which was rather low in all three rough bed experiments. This topic deserves
further research. The expansion ratio (h/hs − 1) of the experiments reported in
literature was similar to that in the present experiments, so this cannot be a reason
for the differences.
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Figure 4.17: Reattachment length against Froude number downstream of bfs. Filled markers

represent rough beds, open markers represent smooth beds.
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Chapter 5

Quasi-Steady Forces

5.1 Introduction

In this chapter the measurements of fluctuating pressures on and velocities near a fixed
bed element made during the first measurement series (see section 4.4) are analysed
for the cases with uniform open-channel flow (U) and a roughness transition (T). The
analysis focuses on the origin of the fluctuating forces. We will verify certain physical
concepts on which conventional models for entrainment of bed material are based. The
expressions for the relation between instantaneous near-bed velocity (components)
and forces on bed material caused by the quasi-steady mechanism are checked.

It is generally thought that the fluctuating forces on bed material are generated
by the same mechanism as the mean forces. Therefore we will refer to them as quasi-
steady forces. It is confirmed that the quasi-steady mechanism explains a large part
of the forces on bed material. Some deviations will be shown to be present of which
some can be explained within the framework of the quasi-steady force and a few can
be attributed to the twp-mechanism. The latter mechanism is treated in the next
chapter.

In the first section, the quasi-steady force equations are translated to probability
density distributions (pdfs), which are compared to measurements. Then the relation
between the exposure of and the forces on the stone is examined. Further analyses
comprise a quadrant analysis and spectral analysis. Finally the influence of a low
turbulence-intensity due to a smooth-bed-to-rough-bed transition is considered, using
spectral analysis and the earlier derived pdf.

The drag and lift force (FD and FL) on the bed-mounted cube are assumed to
be proportional to force indicators derived from the measured pressures, D and L

respectively.

77
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78 Chapter 5. Quasi-Steady Forces

5.2 Probability density function

for quasi-steady drag force

In this section the probability density function (pdf) for the forces on bed material
is derived, based on the quasi-steady force-generating mechanism. This pdf can be
used to check whether the quasi-steady mechanism is responsible for the forces on
bed material. If this is the case, it can be used for probabilistic modelling of sediment
transport (see section 2.5.2). The turbulence intensity is a parameter in the equation,
so the derived distribution can be used to determine the influence of a non-equilibrium
turbulence structure on entrainment of bed material.

We use our measurements of pressures on bed material to validate the pdf of drag
forces for different turbulence intensities. Before the new relation is treated, the next
section deals with the χ2-distribution, which Papanicolaou et al. (2002) proposed for
the pdf for drag forces.

5.2.1 Pdf for u2
b

The drag force on bed material for hydraulically rough flow is often assumed to be
proportional to the near-bed velocity squared (Wiberg & Smith, 1987, for example).
Another observation is that the near-bed velocity has been seen to be distributed
roughly Gaussian (Nikora & Goring, 2000, for example). These two facts enable us
to derive the pdf of the drag forces on bed material. The square of a normally dis-
tributed variable has a χ2-distribution (with one degree of freedom). If the normally
distributed variable has a non-zero mean, then the resulting distribution is called
non-central. One of the possible expressions for the non-central χ2-distribution with
one degree of freedom is (Evans et al., 2000):

p(x) =
exp(− 1

2x − 1
2δ2)√

2

∞∑
j=0

xj− 1
2 δ2j

Γ(j + 1
2 ) 4j j!

(5.1)

where x = y2, and y is normally distributed with a non-zero mean. δ=y/σ(y) is the
non-centrality parameter. The mean and standard deviation of the χ2-distribution
are µ = δ2 + 1 and σ =

√
4δ2 + 2, respectively.

The χ2-distribution was proposed by Papanicolaou et al. (2002) for forces on bed-
material. However, they did not test the distribution against direct measurements of
forces or pressures. If we choose the drag force FD to be represented by the stochastic
variable, x, and the near-bed velocity, ub to be used as y – thus assuming that FD ∝ u2

b

– then δ is the reciprocal of the near-bed relative turbulence intensity.
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5.2.2 Pdf for ub|ub|
A problem that remains to be dealt with is the fact that the drag force actually is
proportional to |ub|ub. This results in a different distribution for cases with a high
turbulence intensity (small δ). Therefore we will now derive the pdf for FD, based
on the two notions that a) the near-bed velocity follows the normal distribution:

q(ub) =
1√
2π

e−
1
2 (ub−δ)2 ,

where the velocity is normalised by its standard deviation, and b) the drag force is
dependent on the near bed velocity as:

FD = α|ub|ub ,

where α is a constant. Now we can transform the pdf of velocities, q(ub) to the pdf

of drag forces, p(FD). This is illustrated in figure 5.1. We will first derive the pdf for
ub > 0, in which case |ub|ub = u2

b.

dub

dQ

ub

q(
u

b
)

dFD

dP

FD

p
(F

D
)

00
00

Figure 5.1: Pdf of velocities and derived pdf of drag forces.

We take a small area under the curve of q(ub), with an infinitesimal small width,
dub, which represents the probability dQ. As FD increases for increasing ub, there is
a corresponding area under the curve of p(FD), dP , with infinitesimal small width,
dFD, which has the same probability. Now we can derive the relation between q(ub)
and p(FD):

dQ = dP ⇒ p(FD) = q(ub)
dub

dFD
= q

(√
FD/α

) 1
2
√

αFD

(5.2)

We derive the pdf for FD < 0 by mirroring the normal distribution of ub (dashed
line in figure 5.1), performing the same transformation, and mirroring the resulting
curve in the y-axis [i.e. p(FD, δ) = p(α(−ub)2,−δ) for FD < 0]. The final pdf for FD

becomes:

p(FD) =
1

2
√

2πα|FD|
exp

[
− 1

2

(√
|FD|/α − sign(FD)δ

)2
]

. (5.3)
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This was checked against a Monte Carlo simulation of p(α|ub|ub) for 106 randomly
chosen variables, and the distributions indeed matched. This formulation is easier in
use than the χ2-distribution, which includes a summation from 0 to infinity. If the
part for FD < 0 is mirrored to the positive side, we end up with the χ2-distribution.

The mean and standard deviation of the distribution in eq. (5.3) are:

µ = α
(√

2
π δe−

1
2 δ2

+ (δ2 + 1)A
)

, and

σ = α
[
(6 − 2A2)δ2 + 3 − A2 + (1 − A2)δ4 − 2

√
2
π Ae−

1
2 δ2

(δ + δ3) − 2δ2

π e−δ2
] 1

2
,

(5.4)
where A is erf(δ/

√
2) and erf() is the standard error function. For δ → ∞ these values

go to the values for the χ2-distribution (µ = δ2 + 1, σ =
√

4δ2 + 2).
For practical use it is convenient to have explicit expressions for the mean and

standard deviation. Hence a simpler function is fitted to the exact values of the mean
and standard deviation for the χ2-distribution with a correction for the low values of
δ:

µfit = (δ2 + 1) − exp(−1.63δ)

σfit =
√

4δ2 + 2 + e−0.55δ2

(5.5)

The errors in the parameterisations of µ and σ are less than 3% and 0.1% respectively
and go to zero for increasing values of δ.

In figure 5.2 pdfs for |ub|ub and u2
b (eqs. (5.3) and (5.1) respectively) are plotted

for different values of δ. We can see that for δ = 0 the pdf of ub|ub| [eq. (5.3)] has
a hyperbolical shape. For δ > 3 the distribution has a positively skewed bell shape,
getting less skewed when δ becomes larger and it will become Gaussian for δ → ∞.
For δ ≈ 2 there is a transition between a hyperbolical shape and a bell-shaped curve:
for values of FD close to 0 the distribution has a peak and for higher values of FD

it resembles the positive half of a bell-shaped curve. We can see that the p(|ub|ub)-
distribution is approximated well by the χ2-distribution for δ > 2. For 1 < δ < 2 only
the right tails are still similar, and for 0 < δ < 1 they are dissimilar. When δ = 0 it is
obvious that the χ2-distribution is identical to 2p(|ub|ub) for x > 0, as the negative
part of |ub|ub is now mirrored to the positive side for u2

b. Next we will check whether
the pdf [eq. (5.3)] is observed in measurements.

5.2.3 Drag force distribution

The pressure measurements described in 4.4 will now be used to check the influence
of the turbulence intensity on the pdf of the drag force. The configurations with
the largest exposure are used, as for these cases the drag force is expected to be
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δ = 3

|ub|ub/σ(|ub|ub) and u2
b/σ(u2

b)

p
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))
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Figure 5.2: Pdfs for ub|ub| (solid line), and u2
b (dashed line), for various values of δ.

determined most by the quasi-steady mechanism. The flow configurations differed
in such a manner that a wide range of values for δ – measured at y = (15 ± 1.5)
mm – was obtained, shown in table 5.1. This height is 0.17d above the cube, which
is close to 0.15d. This height is optimal for correlating velocity sources and forces,
see chapter 2. About 45 minutes of pressure measurements were available for every
case, giving well-converged statistics. The pdfs for the measured velocity were not
perfectly Gaussian, but could be approximated quite well by such a distribution, see
figure 5.3 and the values for the skewness and flatness in table 5.1.

The measured pdfs of the instantaneous horizontal pressure difference, D, for
cases U and T can be seen in figure 5.4. Linear scales are used in order to evaluate
the shape of the distribution around the mean, and a semi-logarithmic presentation
is given to evaluate the shape of the tails. It can be seen that the shape of the pdfs
is predicted almost perfectly by eq. (5.3) using a δ determined from the measured
velocities. Only the tails are not entirely correct, although the trend with a variation
of δ is correct. The turbulence just downstream from the roughness transition is not
yet totally developed, yielding a larger δ. This leads to a slightly less asymmetric
distribution, which is predicted well by eq. (5.3).

For case S eq. (5.3) does not give a similarly good agreement, see figure 5.5. The
theoretical distribution still works well for the (positive) tails of both cases S1 and
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case δ Re
u′3

b

σ(ub)3
u′4

b

σ(ub)4

U: uniform open-channel flow 4.1 1.3 · 105 -0.13 2.85
T: smooth-rough transition 5.9 1.1 · 105 -0.31 2.98
S1: backward-facing step at 12hs 1.1 0.7 · 105 0.58 3.38
S2: backward-facing step at 8hs -0.1 0.7 · 105 0.36 3.09

Table 5.1: Dimensionless flow parameters for the flow configurations used.

Figure 5.3: Pdfs of normalised

instantaneous near-bed

velocity. ub/σ(ub)

p
(u

b
/
σ
(u

b
))

measured
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uniform flow
roughness transition
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S2, however. When using the pdf for evaluation of sediment entrainment this is the
region of interest. The clearly asymmetric shape for case S1, and the more nearly
symmetric shape for case S2 are predicted, but the asymptotic behaviour around the
mean value is not reproduced. Apparently the p ∝ |ub|ub law breaks down. Probably
twp cause a large part of the variance in this highly turbulent flow, see chapter 6.

The fact that the shape of the pdf of the drag forces is reproduced well, implies
that the drag forces are created by the quasi-steady mechanism. Accordingly, the less
perfect agreement for increasing turbulence intensities implies that other mechanisms
also play a role.

5.3 Uniform flow

In this section we inspect the pressures on the bed-mounted cube for case U – uniform
open-channel flow – in detail.
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Figure 5.4: Pdfs of D′ for the uniform flow (U: ◦) and the roughness transition (T: �).

5.3.1 Influence of exposure

The exposure of the cube is defined here as the distance between the top of the
cube and the local upstream bed-level with a length of 5d (see the two dashed levels
in figure 4.7). This is approximately the distance over which a protruding particle
influences the velocity downstream of it (Schmeeckle & Nelson, 2003). In total four
exposures have been measured (e =1.09 cm, 1.47 cm, 2.09 cm, 2.47 cm), and three
different discharges were applied per exposure. In figure 5.6 it can be seen that the
pressures, both mean and fluctuating, indeed increase with exposure, as often assumed
(Egiazaroff, 1965, for example). The pressure differentials for different discharges
collapse reasonably, when normalised by ρU2. Due to the imprecise determination of
the mean pressures, the various measurements of D/ρU2 do not collapse very well.
For L, which was approximately 10% of D, the relative error was too large to see
whether the points collapsed. Therefore it has not been plotted.

D′/σ(D)

S1

-4 -2 0 2 4
0

0.2
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Figure 5.5: Pdfs of the measured instantaneous pressure difference for the bfs. Linear (left

and middle) and semi-logarithmic plots (right). Eq. (5.3) is plotted for the same

values of δ. S1: ◦, and thin line, S2: �, and thick line.
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Figure 5.6: D/ρU2, σD/ρU2, and σL/ρU2 as

a function of e for the uniform

flow case. Lines are linear fits

through the data points. For

each exposure three discharges

have been used: 45, 55, and 65
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Quadrant analysis

We will now conduct a quadrant analysis in order to investigate the dependence of the
pressures D′ and L′ on the instantaneous velocity on the basis of figures 5.7 and 5.8.
The plots display isolines of the joint probability density of (ub,vb), as well as isolines
of the conditionally averaged pressure fluctuations, D′(ub, vb) and L′(ub, vb), which
show the pressure (difference) averaged over all instances that (ub,vb) lies within a
certain range (i.e. �ub has a certain magnitude and direction). It is defined as:

D′(ub, vb) =
1
ni

∑
i∈S

D′(i) , where S = i : |u(i) − ub| ≤ 1
2w ∧ |v(i) − vb| ≤ 1

2w

(5.6)
where i is the sample number, w is the velocity bin width and ni is the number of
measurements within a bin. The definition for L′(ub, vb) is analogous. This repre-
sentation of the data shows the influence of the two components on the magnitude of
the pressures clearly. If the pressure is highest in a certain quadrant, then it might
even be possible to link the pressure fluctuations to certain coherent flow structures.

Q4-events (ub>0, vb<0) have previously been seen to correspond to transport
at higher Re∗ (Thorne et al., 1989; Nelson et al., 1995). In figure 5.7 D′(ub, vb)
is depicted for increasing exposure. Except for the lowest exposure, the gradient
of D′(ub, vb) has a fairly constant direction over all (ub,vb) combinations, which
changes with exposure. For the most exposed particle (e=2.5 cm) D′(ub, vb) is hardly
dependent on vb. A higher ub simply gives an increased D′(ub, vb). This will still lead
to a situation where most extreme forces occur during Q4-events, simply because the
events with highest ub occur in this quadrant. When the exposure decreases it can
be seen that D′(ub, vb) becomes a function of vertical velocity as well. This was not
expected at first, but it can be explained by the fact that, when the stone is shielded
by upstream stones, a downward flow is necessary to let the flow reach the stone. For
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Figure 5.7: Joint pdf of ub(t) and vb(t) (thin isolines), and conditionally averaged D′(ub, vb)

(thick isolines, label units: N/m2) for case U and e = 1.09 cm, 1.47 cm, 2.09

cm, and 2.47 cm (from left to right and from top to bottom respectively). The

straight solid lines indicate ub and vb respectively.

the smallest exposure, where the cube was almost totally shielded by the upstream
stones (see figure 4.7), the dependence of D′ on the longitudinal velocity is almost
totally gone, and D′ is almost totally dependent on vertical velocity. We must keep in
mind that we have only measured a point pressure. Therefore for a certain stone this
effect will probably be different at various levels on the stone, with the v-dependence
highest on the lower, more shielded, levels of the stone. But it does show that Q4-
events are the source of increased transport not only because large values of ub occur
most frequently in quadrant 4 when a positive shear stress is present (Nelson et al.,
1995). A negative vb directly creates larger drag forces. It can be conceived as that a
downward directed flow increases the exposed area of the stone, and hence increases
the drag force.
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Figure 5.8: Joint probability density function of (ub,vb) (thin isolines), and conditionally av-

eraged vertical pressure, L′(ub, vb) (thick isolines, label units: N/m2) for uniform

flow. e = 2.1 cm (left) and e = 2.5 (right).

A downward directed flow creates negative (stabilising) lift forces according to the
second term on the right hand side of eq. (2.13). This effect is clearly observed in
figure 5.8, as L′(ub, vb) increases with increasing vb. This effect was present for both
configurations and all exposures. A slight influence of ub on the lift force is present
for the higher protrusion (right plot), indicating an influence of the Bernoulli lift [first
term on the right hand side of eq. (2.13)]. The L′(ub, vb) measured was not large;
about 5 N/m2 at maximum. The change of the Bernoulli lift [first term on the right
hand side of eq. (2.13)] is probably dominant at the upstream edge of the cube, as
the streamlines are contracted most there. However, there were no measurements at
this location.

Pdfs of D and exposure

The pdf that was derived based on the quasi-steady mechanism was shown to predict
the measured distribution of the drag force quite well for the highest exposure of the
cube. We will now check how well this correspondence holds for different exposures.
In figure 5.9 the measured pdfs of D′ are shown. As seen in section 5.2 the pdf for the
highest exposure follows our eq. (5.3) very closely. This is probably a consequence of
the fact that D′ for this exposure is hardly influenced by the vertical velocity which
we saw in the quadrant analyses. The pdfs for other exposures deviate to some
extent, as the drag force is now also influenced by v. In the semi-logarithmic plot
it can be seen that the probabilities for extreme, positive values of D′ are described
quite well by eq. (5.3) for all exposures. The pdf for the lowest exposure becomes
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Figure 5.9: Normalised pdf of D′ plotted on linear (left) and semi-logarithmic (right) scale

for different exposures and uniform flow. Line shows eq. 5.3 with δ = 4.

more symmetric between ± 2σ(D). This is ascribed to the fact that there is no direct
influence from the longitudinal velocity anymore, as the stone is shielded too much.
The pressures are now probably mainly created by pressure gradients that arise due
to passing turbulence eddies. Still, for the positive extreme values, the pdf is again
similar to pdfs for the other exposures. For the left side of the pdf eq. (5.3) does not
hold.

The pdfs for L′ do not correspond to the prediction based on the quasi-steady
mechanism and will be treated in the next chapter.

5.3.2 Vortex shedding

Now the origins of force fluctuations by the shedding of vortices from the stone itself,
as described by Kalinske (1947) are considered. The time signal of measured pressures
on the cube under uniform flow (case U) in figure 5.10 is used for this. The most
energetic D-fluctuations have low frequencies of the order of U/h, so these can only
be ascribed to large scale flow structures that arise from the main stream (see the
indication of the characteristic period Tlarge in figure 5.10). L′ is seen to also contain
energy at higher frequencies, occurring intermittently (f ≈ U/d, see the indication
of the characteristic period Tsmall in figure 5.10). This was most clear for the most
exposed stone position. These fluctuations can be attributed to eddies that are shed
from the cube. This is mentioned by Kalinske (1947) as the second origin of force
fluctuations. However, Kalinske claims that eddy shedding causes the drag force
to fluctuate, and here the vertical pressure (gradient) fluctuates. This is probably
very dependent on the exact particle characteristics. In figure 5.10 it can clearly be
seen that the low frequency D′ follows the low frequency u. At times of increased
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Figure 5.10: Time signal of longitudinal velocity (top), drag force indicator (middle), and

lift force indicator (bottom), for e = 2.5 cm.

u (the time intervals 2.0–2.1 s, 2.5–2.8 s, and 3.8–4.0 s) there is a clear increase in
amplitude of the high frequency L′ fluctuations, with an amplitude comparable to
the low frequency drag fluctuations. This implies that eddy-shedding mainly takes
place during periods when the velocity is high. This behaviour can also be observed
in the measurement by Aksoy (1973), although it is not remarked upon by the author
himself. The fact that these high-amplitude, intermittent fluctuations only occur part
of the time makes them show up less in spectra. Still, with their large magnitude
they could give a stone the final push. The intermittent behaviour could also explain
why Radecke & Schulz-DuBois (1988) could not determine an adequate gain function
between u and FL, as this function only predicts the transfer from one signal to another
at the same frequency, and here a low-frequency fluctuation causes a high-frequency
response.

The fact that high-frequency force fluctuations occur during times of low-frequency
increased longitudinal velocity, has implications for the possible modelling of entrain-
ment from bed material under non-equilibrium turbulence structure. It implies that
only the large scale fluctuations have to be resolved (for instance by large-eddy sim-
ulation). The high-frequency fluctuations can subsequently be added as an extra
increase in the entrainment as a function of the longitudinal velocity.
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5.4 Roughness transition

In the case of the smooth-rough transition (case T) the cube was placed 2h down-
stream of the beginning of the roughness on the bed. The flow at this position can be
regarded as a flow with predominantly small-scale turbulence, as the bed roughness
has only affected the small-scale near-bed turbulence at the location of the measure-
ment. Large-scale turbulence structures, covering the full depth, require a longer
distance to develop (Shvidchenko & Pender, 2001). The large-scale turbulence from
the smooth bed still is present, but its intensity is relatively low.

In figure 4.8 the mean velocity, Reynolds stress and standard deviation for cases
U and T were presented, amongst others. Near the bed (y � 30 mm) the profiles of
the mean velocity are similar. The same holds for the standard deviation. This corre-
sponds to the measurements of Chen & Chiew (2003), who noted that the increased
turbulence intensity needs a certain distance to develop. At higher elevations the
standard deviation of both velocity components is much less for case T, as the newly
developing internal boundary layer has not reached these elevations yet. For case T, u

has a lower vertical gradient at higher elevations, which reflects the lower shear stress
on the smooth part upstream of the transition. The velocity distribution is shifted in
such a manner that the discharge is about the same for both configurations. The bed
shear stress is also equal for both cases (see table 4.1), which is in agreement with
the similar −u′v′ and u profiles for cases U and T near the bed.

Pressure spectra for the two configurations are shown in figure 5.11. These plots
show that the low frequency (large scale) pressure fluctuations have not yet developed
at the beginning of the bed. Both the D′

T and L′
T spectral levels are lower than those

for D′
U and L′

U for f/U � 10 (m−1). Using Taylor’s hypothesis, this corresponds to
length scales in the order of the water depth. The total variance of the spectrum for
case U is roughly 50% higher than for case T.

The pdf of D′ (see figure 5.4) is slightly less asymmetrical for case T than it is
for case U. This is consistent with the fact that the non-centrality parameter in eq.
(5.3) (δ = u/σ(u) measured near the bed) is higher for case T than for case U, due
to the decrease in σ(u). So this can be explained satisfactorily with the quasi-steady
mechanism.

5.5 Summary and discussion

In this chapter it was studied whether the quasi-steady mechanism can account for
the forces on bed material, using the measured pressures on the bed-mounted cube of
the first experimental series. This mechanism was shown to hold very well for the drag
force on a protruding particle under uniform flow. Also the influence of developing
turbulence downstream a sudden increase of bed roughness was explained well by it.
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Figure 5.11: Premultiplied pressure spectra for configurations U (thick line) and T (thin

line). e=1.5 cm. Left: D, right: L.

For shielded particles and the flow behind a backward-facing step the quasi-steady
mechanism could not explain all fluctuations anymore.

An expression for the pdf of the instantaneous drag force on rough bed material
has been derived. This distribution is solely based on the quasi-steady mechanism.
The shape of the distribution is determined entirely by the value of the near-bed
relative turbulence intensity, without any fit parameters. This model predicted the
measured pdf of pressures on the most exposed cube under a uniform flow perfectly.
For a large range of turbulence intensities, the pdfs of the drag forces (especially the
positive extreme values) were predicted reasonably well. The differences between the
theoretical quasi-steady pdf and the measured distribution around FD= 0 imply that
these small forces are generated by a different mechanism.

As the bed shear stress is composed of the various drag forces on the bed material,
and the largest drag force is exerted on the most protruding particle, the shear stress
on a rough bed can be expected to be well described by the distribution proposed
herein. This is treated in appendix C.

The good agreement between the pdfs implies that most of the skewness of the
drag force pdfs can be attributed to the fact that FD ∝ |u|u in combination with a
Gaussian distribution of u, instead of to the intermittency of the turbulence, which
is sometimes done (Obi et al., 1996; Mosselman & Akkerman, 1998).

The magnitudes of the mean and fluctuating drag forces on the cube seem to be
correlated to the exposure of the particle regardless of the micro bed-topography.
The shapes of the pdfs were slightly changing for decreasing exposures, but still
resembled eq. (5.3). Only for the lowest exposure the shape of the pdf was distinctly
different. The magnitude of the measured fluctuating pressures on top of the cube
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was correlated to the exposure as well.
Drag, caused by longitudinal velocity fluctuations, is probably the source for the

largest (most important) force fluctuations for the most exposed stones. The extreme,
positive excursions of u generally coincide with a negative v (Q4-events). The Q4-
events cause the longitudinal velocity to penetrate deeper into the bed and therefore
the exposed area of the stone (for the drag force) increases. This makes the (fluctu-
ating) drag force a function of the vertical velocity as well, which was not expected.
Conversely, the negative vertical velocity gives a negative (stabilising) contribution
to the lift force. Whether the u dependence (lift increases during Q4-events) or the
−v dependence (lift decreases during Q4-events) of the lift force was dominant is not
certain. Concluding, it can be said that both FD and FL are a function of the two
velocity components, such that at the moment of occurrence of the extreme values of
u, the drag forces gets an additional increase, and the lift forces an additional decrease
due to the vertical velocity component.

The notion of Kalinske (1947) that eddy-shedding also contributes to the fluctu-
ating forces was seen directly in the measurements. High frequency fluctuations in
L′ were seen to coincide with the low-frequency extreme values of the longitudinal
velocity. These lift force fluctuations are attributed to vortex-shedding.

More generally, it can be stated that the instantaneous flow field causing the ex-
treme forces on a bed particle is not simply an extension of the mean flow field.
Therefore it is not realistic to model the extreme forces on a particle simply as an
extension of the mechanism that creates the average forces.

The low-frequency turbulence above the cube placed just downstream from a
smooth-rough transition was not completely developed. The large-scale velocity fluc-
tuations were very weak. Therefore the extreme values of D′ were much lower. From
this it cannot be concluded with certainty that the bed material is more stable at the
beginning of a rough bed than under developed turbulent flow. The mean shear stress
might be increased the very first part of the rough bed, leading to a larger instability
of the stones, see section 2.2.3. As the large-scale fluctuations need a length of twenty
to thirty times the water depth to adjust to the local circumstances, the effects of
roughness transitions on bed stability are not local.
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Chapter 6

Turbulence Wall Pressures

6.1 Introduction

In this chapter a second force-generating mechanism is discussed – assumed to act in
addition to the quasi-steady forces. This mechanism is based on the pressure gradients
that are directly induced by the turbulent flow.

The quasi-steady forces are caused by pressure differences due to the streamline
curvature of the flow passing a protruding stone. The presence of the stone forces this
streamline curvature (hence the name ‘form drag’). In a turbulent flow, however, ac-
celeration of water parcels and streamline curvature are always present, also without
an obstructing stone present. Therefore, turbulence near a wall creates fluctuating
pressures on the bed, even when it is smooth. These turbulence wall pressure fluc-
tuations (twp), when integrated over a stone, will result in net forces on the stone
and therefore contribute to the fluctuating forces on a stone. Whether – and if so:
for which conditions – the twp can give a significant contribution to the extreme
forces on the bed-particles, and consequently to their entrainment, is examined in
this chapter.

First, the possible contribution of the twp on the fluctuating forces on stones is
explored theoretically. From this theory the possible behaviour of the forces can be
deduced, as well as some ways in which to show their existence from measurements.
It is also used to estimate the possible contribution to the variance of the fluctuating
forces. After this the experimental results of the first experimental series are analysed
further. The measured pressures on a cube placed under a uniform flow and down-
stream of a backward-facing step (bfs) of the first experimental series are used for
this purpose. The origins of the pressure fluctuations are examined by inspection of
their cross correlations, pdfs, and spectra.

93
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94 Chapter 6. Turbulence Wall Pressures (twp)

6.2 Theoretical considerations

6.2.1 Mechanisms

To examine the relation between the near-bed velocities and the twp-induced forces, a
Reynolds decomposition eq. (2.8) is made for a fixed stone in a bed. For the horizontal
force component this yields:

FD,TWP ≈ ρV (1 + Cm)
(

∂u′

∂t
+ u

∂u′

∂x
+ v′

∂u

∂y

)
(6.1)

The last term at the right hand side indicates an influence of the vertical velocity
on the twp-induced forces. A similar derivation for the vertical force component
does not yield a similar term including the mean shear. Unfortunately the material
derivative [first two terms in eq. (6.1)] could not be measured in either of the two
set-ups. In the first set-up only a point measurement of velocity was made, so ∂u/∂x

could not be measured. Conversely, in the second series the temporal resolution was
not high enough to evaluate ∂u/∂t. Still eq. (6.1) indicates that the vertical velocities
are linked to the twp-induced forces.

6.2.2 Model vortex

In order to illustrate what the direct influence of the twp on stone stability can be, we
regard a rectilinear model vortex in a uniform potential flow over a wall, as described
by Doligalski et al. (1994). This flow field can be seen as a rough approximation of a
vortex in a turbulent flow. For example the flow field due to the head of a horseshoe
vortex or a 2D roller originating from a mixing layer behind a bfs. From this simple
model we can infer a few characteristics of the wall pressures induced by this vortex.
With this model we can make it plausible that the pressures caused by the rotational
flow around a vortex have an effect on the fluctuating forces on a stone – as argued
before by Müller et al. (1971).

A point vortex with strength (circulation) κ is placed in a uniform flow with
velocity U0, inducing a velocity κ/r at distance r from the vortex. By adding a
mirrored vortex, the wall is modelled. As the flow induced by the mirrored vortex
moves the original vortex, and vice versa, the convection rate of the vortex is Uc =
U0 − 1

2κ/a, where a is the distance of the vortex to the wall. In figure 6.1 the
streamlines of the flow field are depicted. In a frame of reference moving with the
vortex, the resulting flow field is stationary, and the pressure on the wall can be
determined using Bernoulli’s law, p = 1

2ρu2, yielding:

p′ = ρ
κ2

a2

X2 − 1
(X2 + 1)2

, (6.2)



�

�

“thesis” — 2005/10/16 — 15:17 — page 95 — #113
�

�

�

�

�

�

6.2. Theoretical considerations 95

κ

a

−κ

a

Uc

y
/
a

p
′ a

2
/
ρ
κ

2

F

x/a

y
/
a

-3 -2 -1 0 1 2 3
-1

0

1
-1

0

0

1

2

3

Figure 6.1

Top: streamlines of a 2D po-

tential flow around a point

vortex near a wall, in a

frame of reference moving

with the vortex. Middle:

the resulting twp. Bottom:

the pressure field around a

stone, assuming a vertically

constant pressure, and the

resulting net force.

where x is the distance along the wall and X=x/a. This pressure field is shown in
figure 6.1 as well. If a porous granular bed is present, this pressure gradient will
penetrate further into the bed than the longitudinal velocity, which will be blocked
by the surrounding stones. This pressure gradient can create a net force on a stone
placed in the bed. The pressure on the stone between the dashed lines is higher on the
upstream side (left) than on the downstream side, creating an increased horizontal
force component (lowest plot in figure 6.1). Note that this counteracts the quasi-
steady mechanism, as at this moment u is decreased under the vortex. The added
mass term also gives a positive contribution to the horizontal force component at
this moment. A vortex rotating in the opposite direction (less common in wall flow)
might create larger forces on a stone, as the quasi-steady drag, the added mass and
the pressure gradient then all work in the same direction.

Also lift forces are predicted by this model. If we regard a vortex exactly above the
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stone, then the pressure on the sides, and therefore also under the stone, is high, while
the pressure on the top of the stone is low. This could result in a lift force. The most
intense forces are expected to be created by large gradients, which are proportional to
∼a−3. Therefore most intense forces are expected to be created by vortices close to
the bed. However, for vortices closer than a distance ≈d/2 to the bed the integrated
force decreases again as the pressure dip is not wide enough anymore. Following
this line of thought, the expected duration of a large force created by a near-wall
vortex is short, as the small vortex will have passed quickly. However, the convection
velocity of the vortex decreases if its strength increases, causing a longer duration of
the force. Therefore especially the extreme forces created by intense vortices (rotating
clockwise) could have a longer duration.

6.2.3 Transfer functions

In the previous section an example was shown of a possible way in which a single vortex
can induce twp-forces. Now we will examine whether the twp that are inherent to
a fully turbulent flow field could, in principle, lead to significant forces on a stone.
To this end we integrate a one dimensional pressure field – varying in the streamwise
direction only – over simplified stone shapes, and determine magnitudes of the drag
and lift force fluctuations that may result from it. First we deduce the transfer
functions from the pressure field to the forces on the stone. Then we translate a twp

spectrum from literature to a force spectrum and from this we determine the standard
deviation of the force fluctuations.

Drag force. A stone in a stationary, turbulent wall flow is considered. The mean
forces are not taken into account. The effect of a convecting, ‘frozen’ sinusoidal
pressure field is determined. The pressure field is given by:

p′ = p̂ sin(kx − Uckt) , (6.3)

where p̂ is the amplitude of the pressure field, k is the wave number, and Uc is the
convection velocity.

First we treat a spherical stone, with its centre at x = 0. If we assume that the
pressure is not changed by the stone, the twp-induced drag force becomes:

F ′
D,TWP =

∫ R

−R

p′
dA

dx
dx , (6.4)

where
A = π(R2 − x2) for |x| ≤ R ,

R = d/2, and A is the cross-sectional area of the stone.
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After substitution and solving the integral in eq. (6.4), the force becomes:

F ′
D,TWP = −KDp̂ cos(Uckt) , (6.5)

where

KD = 4πR2

(
sin k̃

k̃2
− cos k̃

k̃

)
,

and k̃ is kR. |KD| is the gain function between p̂ and F̂ . The drag force on a cylinder
has the same temporal behaviour as that on a sphere, given in eq. (6.5) – only with
a different KD, which cannot be evaluated analytically. The (squared) gain functions
are shown in figure 6.2.

Lift force. A similar derivation can be made for the twp-induced lift force. In
order to enable analytical integration we first consider a 2D case (cylinder) for the
lift force. The pressure field acts on the stone, eq. (6.3). Modelling the pressure field
under the stone is not trivial. Two simplified models are tried. We start by assuming
that the pressure on the lower half of the rod is constant in time and space. The
fluctuating lift force on a rod with radius R and width R is then given by:

F ′
L,TWP,1 = −R

∫ R

−R

p′ dx = KL,1 p̂ sin(Uck t) , (6.6)

where

KL,1 = 2R2 sin k̃

k̃
.

This can be compared to the case where the pores are small or filled with finer
material. If the pressure is assumed to be linearly changing with x under the lower
half of the cylinder, as in an open granular structure, then the lift force becomes:

F ′
L,TWP,2 = −R

∫ R

−R

p′ dx + R2
(
p′(−R) + p′(R)

)
= KL,2 p̂ sin(Uck t) , (6.7)

with

KL,2 = 2R2

(
sin k̃

k̃
− cos k̃

)
.

In contrast to the drag force, KL cannot be evaluated analytically in the case of a
spherical stone.

Figure 6.2 depicts the various gain functions. The gain function for the drag on
a cylinder is obtained via numerical integration. The figure shows that especially the
pressure fluctuations with wavelengths of the same order of magnitude as the diameter
of the stone (λ = 2π/k ≈ 1.5 d) contribute to the forces on the stones and will hence



�

�

“thesis” — 2005/10/16 — 15:17 — page 98 — #116
�

�

�

�

�

�

98 Chapter 6. Turbulence Wall Pressures (twp)

λ=1.5d

k̃

( F̂ p̂R
2

) 2

KD (sphere)
KD (rod)
KL,1

KL,2

10−2 10−1 100 101
10−4

10−2

100

102

Figure 6.2: Dimensionless, squared gain functions for drag and lift force.

be important for the determination of the stability of the stones (see vertical line in
figs. 6.3 and 6.2). This agrees with the notion of Booij (1998).

A distinct difference is present between KL evaluated with and without the pres-
sure penetrating in the pores under the stone – eqs. (6.7) and (6.6) respectively.
At low wavenumbers KL,1 remains constant, while KL,2 goes to zero for decreasing
wavenumbers.

It is clear that for very low wave numbers the function will have to tend to zero, as
the pressure will penetrate under the stone, but whether the slope at low frequencies is
as steep as for |KL,2|2 is not sure. The gain functions for the drag force on the sphere
and the rod both rise ∼k2 in the low frequency range, which is the relation between
pressure spectra and pressure gradient spectra (George et al., 1984, for example). The
fall-off at high frequencies differs between the two.

6.2.4 Estimation of magnitude of twp-forces

Subsequently an estimate of the variance of the forces caused by twp can be obtained
by using a twp spectrum as a starting point and multiplying it by |KD|2. As an
example an ‘open-channel flow’ is chosen with parameters: 〈u〉h=2 m/s, h=4 m,
ρs=2650 kg/m3, y0 = d/15. We assume incipient bed material motion, using Ψ=0.04,
which yields d=2 cm.

Figure 6.3 shows the rough wall twp spectrum and the estimated force spec-
tra. The twp spectrum is obtained from windtunnel measurements of Blake (1970).
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Although an open-channel flow has different turbulence characteristics than an equi-
librium boundary layer flow, the twp characteristics for the mid- and high-frequency
ranges – which scale with d and u∗ – are expected to be similar, as they are generated
by near-bed flow processes. For the low frequencies however, the spectra are expected
to differ, as the free surface influences the pressures. Therefore we only use the high
frequency twp part of the spectrum. This is scaled to prototype size to represent the
flow parameters for the present case, and the spectrum is extrapolated to the lower
frequencies by a f−1 trend (dotted line). This spectral slope is predicted for the mid
frequency range (Farabee & Casarella, 1991). The spectrum is cut off at a frequency
of f = 〈u〉h /h. For the transformation of the spectrum from ω to k, the relation
k=ω/0.5 〈u〉h is used.

The variance of the twp-induced drag and lift forces is subsequently obtained
by integrating the estimated force spectra. This yields a first estimate of the force
magnitudes of the twp. In stability models three to five times the standard deviation
is often given as the maximum occurring force fluctuation. Extreme wall pressures of
four times the standard deviation have been reported (Schewe, 1983). As the flow is
critical (Ψ=0.04), the maximum occurring forces are of the order of the submerged
gravitational force on the stone. Therefore we normalise the ‘maximum’ twp-force
with the submerged weight of the stones. Hence in table 6.1 the values for 4σ(F )/FG

are presented.
In the present example four times the estimated standard deviation of the drag

force on a sphere is equal to over 70% of the (submerged) gravitational force. This
means that the extreme values of the fluctuating forces calculated by the model are of
the same order of magnitude as the total maximum force on the stone. Further, the
difference between the drag fluctuations on the sphere and the cylinder indicates that
the shape of a stone can have a large influence on the effectiveness of the twp force.
For flat stones (small vertical dimension) the ratio lift force / stone weight is expected
to increase. Moreover, the pattern of wall pressure penetration under the stone is seen
to be very important for the magnitude of the lift forces. The twp-induced lift force
is 4 times larger if the pressures do not penetrate under the stone.

σ(F ) 4σ(F )/FG

(N) (%)
FD sphere 0.0115 71
FD cylinder 0.0081 33
FL cylinder, filled 0.0104 43
FL cylinder, pores 0.0025 10

Table 6.1: Estimated standard deviations of twp-induced forces.
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Figure 6.3: Spectrum of pressures on rough bed (left) and the estimated spectra of the drag

and lift forces. For the legend see figure 6.2.

The model is highly idealised. The main idealisation is that the effect of the stone
on the pressure field is not taken into account. Experiments must show to which
extent this is a valid assumption. Even so, the model indicates that the twp could
give a significant contribution to the forces on coarse stones, in addition to the (quasi-)
steady forces.

6.2.5 Behaviour of twp forces in time

Now we regard the behaviour in time of the resultant force if a frozen pressure field is
advected over a stone. This behaviour will be shown to decrease the stability of the
stones. It can also be used to predict the shape of the normalised cross-covariance
function between FD and FL, which can be compared to measurements.

The factors KD, KL,1 and KL,2 are all positive for 0<k̃<π, which means that for
wavelengths larger than the stone diameter the force vector will rotate clockwise1 in
time, along an ellipsoidal path, with semi-axes equal to p̂KD and p̂KL. This time
variation of the twp-force is illustrated in figure 6.4. This behaviour is increasing
the efficiency in which this force can dislodge a stone. First of all, the force vector
covers all directions, including the direction where it generates the largest moment
around the rotation point of the stone, i.e. when the force acts perpendicular to the
line between the centre of gravity of the stone and the contact point. Secondly, if the
stone rolls away, the angle of repose (φ, see figure 2.4) becomes smaller, which rotates
the optimal angle for creating the largest moment around the point of contact in the
same direction as the fluctuating force is rotating. This increases the duration of a
large moment around the pivoting point when the stone starts moving.

1When the flow is from left to right.
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Figure 6.4: Change of the integrated force on a stone (2D, semi-circular cylinder) due to a

convected frozen pressure field for λ/d=1.5. The vectors represent the resulting

net force acting on the stone.

In order to see whether the temporal behaviour of the force vector is observed
in our measurements we will compare the theoretical shape of the normalised cross
covariance function between drag and lift, ρDL,TWP = − sinω τ (τ is the time lag), to
the measured function, ρDL. The turbulence field is obviously not a sine as used for
the derivation of the force-functions. Therefore we multiply ρDL,TWP by the loss of
correlation of the wall pressures. When the autocorrelation function of wall pressures,
γ, is assumed to be exponential, it yields: γ|x|k/2π. If we further substitute Ucτ for x

we obtain:
ρDL,TWP(τ) = − sin(Uc k τ) γUck|τ |/2π (6.8)

It can be seen that the values of KD and KL do not appear in this formulation, which
makes it easier to compare this shape to measurements.

6.3 Analysis of measurements

A number of analyses of the measurements will be presented, from which the signifi-
cance of the twp-induced pressures for the forces on bed material will be inferred.

6.3.1 Cross-correlation drag and lift

The first thing we will check is whether the expected shape of the normalised cross-
covariance function between drag and lift force – the damped sine given by eq. (6.8)
– is recognisable in the measurements. The measured correlation functions (ρDL) are
shown in figure 6.5 for the various cases. The correlation functions are plotted as a
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function of τ 〈u〉h as in eq. (6.8) it is a function of τUc, and the convection velocity
of the dominant eddies is assumed to be proportional to the mean flow velocity. It
can be seen that ρDL for all cases resembles the typical shape with a local maximum
for negative time lags and a minimum for positive time lags. This is a signature of a
‘frozen’ pressure field being convected over the stone. The correlation at τ=0 is not
zero for all cases, which is not in agreement with eq. (6.8).

For the highest exposure ρDL is positive at τ=0. This means that on average
drag and lift have the same sign at the same moment. This is probably due to the
quasi-steady mechanism, where the streamwise velocity creates drag forces (stagnation
pressure) and lift forces (streamline contraction) simultaneously.

For the other exposures – except the lowest – ρDL is negative at τ=0. This means
that both force components have the opposite sign at the same moment. This can
be explained by the mechanism whereby during Q4-events (u>0, v<0) the stagnation
pressure – which now partly acts on the top of the cube – creates a negative lift force
on the stone [see eq. (2.13)], and the opposite occurs during Q2-events (u<0, v>0),
see eq. (2.13).

For the case with the lowest exposure ρDL is zero at τ=0. Also eq. (6.8) could
be fitted through the measured curve with realistic values for the parameters. The
wavelength (k/2π) was 0.12 m. This is 4 times the stone diameter, and somewhat
smaller than the waterdepth of 0.16 m. The convection velocity is 0.2 m/s, which
is about a quarter of the mean velocity. Further, the fitted value of γλ was 0.005.
This means that the correlation is 0.5 after the characteristic eddy has travelled 0.13
wavelength. This value seems rather small. The fit is added in figure 6.5. The
resemblance indicates that the pressures on the cube with the lowest exposure can be
attributed to the twp.

The normalised covariance functions for cases S1 and S2 are also plotted in figure
6.5. The wavelength of the damped sine is longer, indicating a larger size or lower
convection velocity of the dominant eddies. The damped sine of ρDL,TWP has a nega-
tive offset however, giving a negative ρDL at τ=0. The sign of this offset corresponds
to the uniform flow case with the same bed and a low exposure, and differs from the
case with the highest exposure, where ρDL is positive at τ=0.

Concluding, it can be said that only the measured ρDL for the lowest exposure
follows the theoretical curve well and that the resemblance deteriorates with increased
exposure. This confirms that the twp become more important for decreasing expo-
sure. An increased turbulence intensity is of influence as well. It appears that the
characteristic eddies causing the twp behind a backward-facing step are larger and/or
slower than in a uniform flow.
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Figure 6.5: Measured correlations ρDL for configurations U and S1.

6.3.2 Probability density of lift force

In the previous chapter (section 5.2) only the pdfs for the drag forces were examined,
as they resembled the distribution based on the quasi-steady mechanisms well. For the
stone with the highest exposure under uniform flow the agreement with eq. (5.3) was
excellent, strongly supporting the fact that the quasi-steady mechanism is the cause
of most force-fluctuations for this case. However, for decreasing exposure (figure
5.9) and increasing turbulence intensity (figure 5.5) the similarity between quasi-
steady theory and experiment broke down, especially around the mean value of the
force. This could indicate an increased importance of the twps. The extreme values,
however, still coincided with the theoretical quasi-steady pdf for most cases – except
the lowest exposure that was measured (e=1.1 cm). Here the correspondence between
measurements and eq. (5.3) breaks down completely. This pdf is quite symmetrical,
so it could well be caused by twp, as a convecting pressure field is expected to give
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Figure 6.6: Measured pdfs of L′ for case U and various exposures on a linear (left) a semi-

logarithmic (right) scale.

similar pressure statistics at both sides of the stone and hence a symmetrical pdf.
According to the quasi-steady mechanism the lift force, FL is proportional to u2,

so the pdf of this force component would be equal to the χ2-distribution. This
distribution can be derived from eq. (5.3) by mirroring the left side to the positive
side, yielding:

p(L) =
1√

8παL

(
e−

1
2 (
√

L/α−δ)2 + e−
1
2 (
√

L/α+δ)2
)

, (6.9)

which is the same as eq. (5.1).
The pdfs of the measured lift force for case U (L′), presented in figure 6.6, clearly

do not follow eq. (6.9). They are almost distributed normally for most exposures.
Only values outside ±2σ(L) deviate. So the flatness of the distribution is higher than
for a normal distribution. A normal distribution of the lift force was observed by
Einstein & El-Samni (1949) between ±2σ(L), but their apparatus was not able to
measure beyond that. Also Xingkui & Fontijn (1993) measured a normal distribution
of the lift force between ±2σ(L), and they found a positive deviation beyond that.
All this corresponds to the present measurements, as the shape of a normal distri-
bution can be fitted through the measured pdf of L′ in the middle section (due to
the deviation outside ±2σ(L) the area under this curve is not equal to one). The
correspondence between the pdfs of our lift force indicator and those of integrated
lift forces, indicates that the top pressures are representative for the integrated lift
forces. The particle used by Einstein & El-Samni was a hemisphere within a densely
packed bed of hemispheres. Such a hemisphere has an exposure, according to the
present definition, equal to (1

2− 1
18π

√
3)d ≈ 0.20d, which would be 0.6 cm for d=3

cm. This is lower than the lowest exposure used in the present measurements. The
exposure of the angular stone used by Xinkui & Fontijn was also very low. The lift
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forces for the bfs flow had the same pdfs as those for the uniform flow.
The fact that the known measured pdfs of lift clearly do not follow eq. (6.9)

indicates that another mechanism is involved in the fluctuating lift forces on bed
material. In the present measurements the lift pdf only slightly deviates from a
Gaussian distribution. It only has an increased flatness and skewness for the highest
exposure. This could mean that quasi-steady lift forces begin to act on the stone for
higher protrusions, as the quasi-steady forces yield a skewed distribution according
to eq. (6.9).

6.3.3 Pressure spectra

Now the present measurements of pressures on a rough bed behind a bfs (cases S1
and S2) will be compared to measured twp on a smooth bed in a wind tunnel (Lee
& Sung, 2002) in order to evaluate the presence of twp-induced forces on rough-bed
material.

The top of the cube with e=1.5 cm in the present rough-bed measurements is
approximately located at the level of the bed, therefore the pressure sensor on top of
the cube for e=1.5 cm is placed at about the same vertical position as the pressure
sensor used in the smooth wall windtunnel experiments where the pressure sensor was
placed flush in the bed. A comparison between the two is possible when x (zero at
the step), p, and f are made dimensionless by hs, ρu2

0 and u0h
−1
s respectively, where

hs is the step height and u0 is the depth and time averaged velocity on the step.
The fact that the wall in the windtunnel experiments was smooth, and that the

wall in the present experiments is very rough, gives us the possibility to distinguish
between the origins of the forces on the cube. If the forces are generated by the
pressure gradients generated by the turbulence of the outer flow (twp-induced forces)
then the pressure spectra will be similar, and if the interaction between the protruding
bed material and the flow is important (quasi-steady forces or maybe an influence of
the added mass) then the spectra are expected to differ. Furthermore, a f−7/3 slope
in the twp spectrum is attributed to the turbulence-turbulence term in homogeneous
turbulence in a free shear flow (George et al., 1984), and will also be an indication
that twp create the forces on the bed material.

The normalised smooth wall windtunnel spectra overlap the present rough wall
spectra for the high frequency range in most cases (figures 6.7 and 6.8). Especially the
overlap in figure 6.7 is remarkable. This implies that the source for the high-frequency
fluctuating pressures is indeed the turbulence generated by the outer flow, as the flow
near the bed (smooth wall vs. very rough wall) is completely different. Moreover, the
pressure sources must be situated in the mixing layer, as the flow above the mixing
layer is completely different as well (developing boundary layer vs. free surface flow).
The added mass term is not important, as this is the result of the alteration of the
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Figure 6.7: Comparison of spectra of pressures on a cube (L) behind a bfs with e=1.5 cm

to twp spectra from a smooth wall windtunnel experiment (Lee & Sung, 2002).

flow by the bed material, like the quasi-steady drag force. The f−7/3 slope also seems
to be present in the rough-bed data for the lowest exposure (figure 6.7).

The low-frequency part of the spectra that were measured do have different char-
acteristics. This is probably due to the fact that the windtunnel experiments have
an irrotational outer flow above the boundary layer, and the present open-channel
measurements have a water-air interface. In the present measurements waves could
also produce part of the low-frequency fluctuations. The irregular shape of the spec-
trum around fhs/u0 ≈ 10 is ascribed to environmental vibrations of the flume.

Now it will be inspected which parameters influence the possible resemblance be-
tween the smooth-bed and rough-bed spectra. Hereto the lift spectra are compared
to the smooth-bed (windtunnel) spectra (right plots in figure 6.8). The resemblance
is very reasonable and the exposure does not seem to influence the lift spectra signif-
icantly. The spectral densities for case S2 (x/hs=8) are consistently higher than for
case S1 (x/hs=12).

The spectra of the drag forces are depicted in the left plots in figure 6.8. The
high-frequency spikes in the spectra are caused by electronic noise. For case S2, even
the drag force can be seen to have a similar spectrum as the lift force, indicating that
the twp indeed penetrate the granular bed and cause a net drag force. This is espe-
cially true for case S2, where the cube is situated near the reattachment point. Here
the quasi-steady force fluctuations, which will increase the spectral levels, and are
dependent on the average longitudinal flow velocity [see eq. 2.11)], are small. There-
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Figure 6.8: Comparison of spectra of the pressures on a rough-wall element (D and L) to

twp on a smooth wall (Lee & Sung, 2002), both behind a bfs, for e=1.5 cm and

2.5 cm.

fore the twp become more dominant at this location. For the higher exposure, the
spectral levels of the drag force fluctuations become clearly higher than those of the
smooth wall pressures, especially for case S1. This is consistent with the fact that the
stone is subject to higher flow velocities, increasing the relative contribution of the
quasi-steady mechanism to the total variance. Yet, if it is assumed that the contri-
bution of the twp to the total variance remains equal to the value in the windtunnel
experiments, the contribution of the twp to the total variance is still significant.

6.4 Summary and discussion

In chapter 5 it was concluded that the quasi-steady drag force fluctuations are dom-
inant for stones with a high exposure. However, for low protrusions and high tur-
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bulence intensities deviations between quasi-steady theory and measurements were
noticeable, possibly caused by the twp. This was investigated further in this chap-
ter.

First this is investigated analytically, and a crude estimate of the magnitude of the
force fluctuations resulting from twp indicates that they might well give a significant
contribution to the force fluctuations on coarse granular bed elements.

Analysing the present experimental results, we find evidence that twp play a
role. First of all, the cross-covariance of drag and lift has the shape predicted on the
basis of convecting twp, especially for the lowest exposure. Further, the spectra of
the pressures on top of the cube (lift) downstream of a bfs coincide with smooth
wall pressure data, which clearly illustrates that the quasi-steady mechanism is not
applicable here. The spectra of the drag force coincide with the smooth wall pressure
data as well, especially for the low exposure and high relative turbulence levels. The
maximum drag forces still seem to be created by the quasi-steady mechanism at higher
turbulence levels, as seen from the pdfs.

From the findings above we can conclude that twp are of importance for the
entrainment of granular material, especially for stones that are shielded by other
stones. In a granular bed that has been water-worked this would be the smaller
stones, as they generally have small exposures (Egiazaroff, 1965). Additionally, for
higher exposures the relative influence of the twp seems larger on the lift force than
on the drag force.

A passing vortex will induce a resultant force on the stone via the twp-mechanism
that rotates in time, increasing the effectiveness in dislodging a stone from a bed.
Especially twp with wavelengths of roughly 1.5d are expected to have a large influence
on the fluctuating forces. If these are caused by vortices, then the vortices will be
situated at about 1d from the stone.

The symmetrical pdf with an increased flatness of the lift force as measured by
Xingkui & Fontijn (1993) and Einstein & El-Samni (1949) was confirmed by the
present measurements for stones with a small exposure. For the largest exposure
measured a deviation was present. An increasing deviation is expected for even larger
exposures, for which the Bernoulli pressure will become more important.
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Chapter 7

Flow Structures and

Stone Movement

7.1 Introduction

In this chapter the results of the second experimental series are presented and analysed.
Mainly the piv results are discussed. The actual movement of a stone was used as a
trigger to identify the velocity fields leading to stone entrainment, allowing conditional
sampling and averaging. This is a step further than the examination of the pressures in
the previous two chapters, as stone displacement not only depends on the magnitude
of the pressures, but also on their location and duration. The flow structures that are
present during the entrainment of the stone are visualised. They are determined from
the measurements by conditionally averaging the flow fields recorded during stone
movement. These structures are linked to the force-generating mechanisms that were
presented in chapters 5 and 6.

The flow structures that are present during stone movement are determined both
for uniform flow and backward-facing step (bfs) flow. They are compared to each
other, and to structures reported in literature. It is determined whether certain flow
structures can be detected in the measurements repeatedly; whether they are rarely
occurring or are a common feature with an unusually high magnitude; or whether it
is a rare combination of several kinds of flow structures.

109
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7.2 Data processing

7.2.1 Inspection of vector plots

It is difficult to distinguish the structural features of an instantaneous turbulent flow
field when large velocity gradients are present or when the flow structures have a wide
range of scales. Both these complicating factors are present in the flows being exam-
ined. To overcome these problems the flow field is often decomposed in various spatial
or temporal scales. Adrian et al. (2000a) give an overview of several possibilities for
decomposing velocity fields. A limited number of techniques were used. These are
discussed briefly next.

It is convenient to inspect the instantaneous flow fields first using a Reynolds
decomposition, because only one image results from this decomposition. In this de-
composition the local time-averaged flow field is subtracted from the instantaneous
flow field. In 2D this yields: u′(x, y, t) = u(x, y, t) − u(x, y, t), where the overbar
indicates time averaging. Inspection of a flow field using this decomposition can give
direct information on the presence of an increased quasi-steady force, as this coincides
with an increased streamwise velocity, or positive u′.

For closer inspection we use the Galilean transform. Here a single velocity is
subtracted from the whole field. Usually this velocity is determined as a fraction
of the spatially averaged bulk velocity, so: u′(x, y, t)GT = u(x, y, t) − αU . This
decomposition does not alter the gradients (i.e. pressure sources) in the flow field,
contrary to the Reynolds decomposition. In this chapter it is denoted for example as
‘�u − 0.6�U ’, if 60% of the bulk mean velocity (�U = (U, 0)) is subtracted.

For evaluating the presence of vortices we use plots of the swirling strength, λci.
The swirling strength is a measure of the intensity of the local rotation in a flow field.
It is capable of pinpointing separate vortices accurately – also in shear flows. The
swirling strength is the imaginary part of the complex eigenvalues of the shear tensor.
This quantity has a zero value if the shear is dominant over the rotation. We use a
definition where it is positive with a vortex present:

λ2
ci = max

[
0 , −4

∂u

∂y

∂v

∂x
+ 2

∂u

∂x

∂v

∂y
− ∂u

∂x

2

− ∂v

∂y

2]
. (7.1)

A number of other quantities exist that reveal the presence of a rotational motion
(Jeong & Hussain, 1995). Most of these are equivalent for incompressible 2D flows.
λ2

ci is proportional to the source term in the Poisson equation for fluctuating pressures.
This indicates the connection between the presence of a vortex and the presence
of pressure gradients. As the present interest is the force-generating potential, the
squared values of λci are depicted.
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Figure 7.1: Area used for determining force indicators.

7.2.2 Indicators for force mechanisms

It could be that several types of flow structure are responsible for the entrainment
of stones and that they vary in size. Therefore knowledge from previous chapters
will be used to distinguish between different flow structures that cause movement
of the stone. We will check whether it is possible to divide the flow fields for all
events into two classes, corresponding to the two previously identified force generating
mechanisms, quasi-steady force fluctuations (qsf, chapter 5) and turbulence wall
pressure fluctuations (twp, chapter 6). These two mechanisms are related to different
velocity components and length scales. Therefore they should be recognisable in the
flow field and could help to distinguish between different flow structures that cause
entrainment.

The qsf depend on the near-bed streamwise velocity. To quantify the relative
influence of this force generating mechanism from a piv measurement, we will average
the u-velocity field of the individual recordings in an area A near the stone. This yields
the time varying 〈u〉A, and we will assume that the following quantity:

FA = |〈u〉A| 〈u〉A , (7.2)

should be proportional to the quasi-steady forces on the particle. The extent of the
area (42.9 mm wide and 31.0 mm high) is depicted in figure 7.1. This area roughly
has the size of the stone. The horizontal dimension is larger in order to capture the
flow structures, that move horizontally.

The twp can also lead to significant forces on bed material. The origin of twp

can be small-scale vortices. As twp with a length scale of the order of the stone
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diameter d are most effective in generating forces on a stone, a vortex centre at 0.5-2d

above the target stone will probably induce the largest (lift) forces. It was also seen
that a fluctuating vertical velocity of any sort is a source of fluctuating forces [see eq.
(6.1)]. To identify the presence of this force-generating mechanism we will therefore
consider the instantaneous spatial variance of v in the same area A near the target
stone,

σ(v)2A =
1
ni

∑
i=1..ni

(vi − 〈v〉A)2 , (7.3)

where vi represents the vertical velocities at positions i in area A. This value becomes
large when a vortex is present, and is not very sensitive to the exact position of the
vortex. Not only vortices, but small-scale wall-normal fluctuations of any kind are
indicated by this quantity.

7.2.3 Splicing

The field of view of the piv recordings was limited to one water depth (1h) in stream-
wise direction, while the large-scale flow structures can – at least in uniform flow –
have dimensions of many water depths. In order to observe the large-scale flow struc-
tures a hybrid technique was used to merge a sequential series of piv recordings. This
technique will be called splicing here, after the technique used for joining pieces of
rope by interweaving strands. First it has to be determined how far the flow structure
moves from one recording to the next. To this end the correlation of the upstream
part of the outer u′ field of the first image, u′

1,overlap+ to an equally sized downstream
part of the outer u′ field of the second image u′

2,overlap−is determined as a function of
the overlap length, Loverlap:

ρ(Loverlap)12 =

〈
u′

1,overlap+ u′
2,overlap−

〉
overlap√〈

u′
1,overlap+

〉
overlap

√〈
u′

2,overlap−
〉
overlap

(7.4)

The overlap at which this function is maximal is taken as the distance that the total
flow structure has been advected. Subsequently a new flow field is created by averaging
the velocities of the overlapping part of the two images, and adding the other parts
on both sides.

Using the spliced image of the first two images and the third image, the process
can be repeated, and so on for all recordings during the measurement of a single event.
It is depicted for the first two steps in figure 7.2. An example of 20 original images
and the spliced result is given in figure 7.3.

The process is similar to transforming a point measurement into a spatial mea-
surement based on Taylor’s hypothesis of frozen turbulence. Differences are that: the
vertical structure is measured instantaneously, each velocity value is averaged over
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Figure 7.2: Principle of splicing technique applied to three sequentially measured flow fields.
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Figure 7.3: Twenty separate recordings of u(x, y) during stone movement event #1 of U007,

together with the spliced image obtained from them (bottom). The horizontal
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a few measurements (here the average is based on roughly three vector fields as the
structure moves about a third of the whole field per recording), and the convection
velocity of the flow structure is determined for every image separately.

The aim of the technique is to determine the large-scale flow structure. Therefore
an area that spans the whole recorded field above the target stone is used to determine
the correlation. Using this large area, the convection velocity is mainly determined
by the large velocities high up in the flow. As the convection velocity increases with
y, a large overlap length (or convection velocity) is obtained.

A spliced flow field can be interpreted to represent the shape of an advected flow
structure, or the temporal development of the flow field at a fixed (horizontal) position.
The plots that are presented later in this chapter are given in spatial coordinates. As
the flow structures move downstream, a second recording will be placed left of the
first, see figure 7.3. Hence, if the plots are interpreted as the time evolution of the
flow field at a fixed position, the time increases from right to left. In the plots that
present the flow field during a stone movement, the stone movement starts at x = 0.
The stone movement has a certain duration which generally lasts 4 or 5 frames at 15
Hz, in the case of the uniform flow. In the spliced plots this is equivalent to 250 mm
to 400 mm left of x = 0. After that (in the plots: left of that) the stone has reached
the obstructing bar, and the stone is assumed to be so unstable that it would have
continued its rolling motion without the bar.

The spliced flow fields of the streamwise and vertical velocity have been spatially
filtered by a 4×4 vector moving average (after splicing) in order to enable interpre-
tation. The spliced plots of the swirling strength have been filtered by a weighted
average with a 16×16 vectors Gaussian kernel.

7.3 Uniform flow

First the results for the uniform flow are presented. The measured mean velocities
and turbulence intensity were presented in chapter 4. Here the focus is on the flow
structures that cause stone movement. The reference case U007 is treated mainly.
In total 33 stone movements were measured, so the flow structures causing stone
movement can be obtained with confidence from this case. After that cases U003,
U005 and U014 are inspected to determine whether the flow structure is the same for
a different stone (position) or movement frequency of the stone.

7.3.1 Classification

It is expected that the indicators FA and/or σ(v)2A will have high values if the re-
spective quasi-steady or twp forces are large. The values of these indicators at the
moment of first stone movement will be compared to the values at a random instance.
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If the values for an indicator are increased at the time of stone movement then it is
an indication that the corresponding force mechanism aids in the stone entrainment.
Figure 7.4 depicts the combinations of FA and σ(v)2A for the flow fields just before
movement (at maximum 1

15 s) and for a measurement with a fixed stone for reference.
It is clear that the values of the indicators for the flow fields just before movement are
among the maximum values of the reference measurement. This confirms that both
force generating mechanisms play a role in the entrainment process. The values of FA

and σ(v)2A just before entrainment seem slightly negatively correlated. This indicates
that both forces act together on the stone and that the sum of them should surpass
a certain critical threshold for the stone to move.

The circles representing stone movements and the dots representing normal, un-
conditional flow do not form two separated groups. This indicates that the chosen
indicators cannot entirely predict stone movement. The facts that only one plane in
the transverse direction is considered, that the transverse velocity is not taken into
account, and that the indicators are only considered at one moment, can be reasons
for this.

The circles representing stone movements also cannot be divided in clear groups,
so probably not two distinctly different types of flow structure are responsible for the
movement of the stone. In this regard a strict classification of all events according to
the force-generating mechanism is not possible. Nonetheless we will call events with
large FA qsf events, and with large σ(v)2A twp-events. The dashed lines in the figure
indicate the arbitrary limits of this classification.

FA is larger than average for almost all movement events, and the streamwise
velocity is above average for all entrainment events (as u2 < u2). This indicates that
an increased streamwise velocity is a prerequisite for the entrainment of a stone, which
is in line with previous research (Nelson et al., 1995; Drake et al., 1988; Thorne et al.,
1989, for example), and with chapter 5.

The dependence on the fluctuation of the vertical velocity was also noted by some
researchers, but less clearly (Nelson et al., 1995, for example). This could be caused by
the fact that most previous measurements were point measurements, and small-scale
fluctuations of the v velocity will give a zero average if the position in the structure
where the velocity is measured varies. The spatial standard deviation used presently
is hardly influenced by this ‘phase jitter’.

7.3.2 Conditional averages

Now the flow structure present at the time of entrainment will be presented and linked
to the force mechanisms. Before inspecting the individual flow fields, the smoother
conditionally averaged flow fields will be inspected. Afterwards it will be checked
whether the structures present in these fields can be recognised in the individual
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Figure 7.4: Classification of events. FA and σ(v)2A indicate qsf and twp-forces respectively.

Dots are the values of a reference measurement with a fixed stone (10 min.

duration at 0.5 Hz ). The circles are the values just before stone movement. The

solid lines represent the average values of the indicators, the dashed lines are

arbitrary limits for qsf and twp events.

fields as well. Whereas the fully turbulent flow field at initial stone movement exhibits
many flow structures at different scales – of which it is not clear whether they are
responsible for the stone movement – the conditionally averaged flow field shows the
persistent flow features during stone movement.

The conditionally averaged spliced plot of all 33 movements of case U007 are
presented in figure 7.5. It is clear that distinct features are present at the time of
stone movement (x=0). This indicates that a certain structure indeed exists, that
causes stone movement. The streamwise velocity, shown in the top panel, is clearly
increased around the time of movement. It is part of a large-scale structure spanning
about 5h in streamwise direction (about the whole plot). Of course this size might
have been increased due to the smearing caused by the averaging procedure. This
large-scale structure also has a predominant downward velocity near the bed for x =
-400 mm to 100 mm, so it can be classified as a Q4 or sweep event (u′>0, v′<0). This
structure roughly resembles the large wedge-shaped structures with increased u that
were measured by Buffin-Bélanger et al. (2000) in a gravel bed river. These events
were reported to be responsible for most bed load transport at higher transport rates
(Drake et al., 1988).

It is remarkable that the streamwise velocity just at the beginning of movement
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Figure 7.5: Contour plots of spliced and conditionally averaged recording for all events of

case U007. The stone moves at x = 0.

of the stone (just left of x=0) is much lower than during the rest of the large-scale
motion. If only the qsf were responsible for the entrainment of the stone, one would
expect the maximum velocity to be present at x=0. This small patch of relatively
decreased u′ seems to be connected to a small-scale v′ fluctuation. In the middle panel
clear patches of upward and downward flow are discernible. The increased value of
the near-bed λ2

ci in the lower panel further indicates that the vortical motion is above
average at the time of movement. The small-scale fluctuating velocities seem to be
related to that. It thus seems that a small-scale structure causing twp is nested
inside a large-scale structure causing qsf. This combination of structures could be
caused by distinctly different flow structures, that do not occur together in reality, as
all events were averaged. Therefore the conditional averages of the events that were
classified as twp and qsf events will now be treated separately.

The conditionally averaged sequences of qsf events and those of twp events (not
shown) have similar features as the conditional average for all events. Both show a
similar large-scale sweep and small-scale v fluctuation. However, the sweep in the
qsf-events is larger and has a slightly higher magnitude than the conditional average
of all events. Conversely, the twp-events exhibit a smaller sweep and the small-
scale patches with up- and downward motion – together with the values of λ2

ci – are
more intense. This seems to corroborate that the large-scale sweep is connected to
the magnitude of the qsf, and the small-scale fluctuation of the vertical velocity is
connected to the twp-forces. Note however, that both force-sources are present in
both situations.
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7.3.3 Small-scale instantaneous flow structure

We will now investigate the small-scale flow structure present at the moment of first
movement of the target stone in more detail. Just after the initial movement of the
target stone (i.e. left of x=0 in the spliced figures) a small patch of fluid with decreased
near-bed u is often present. This decrease is relative to the surrounding flow, which
usually has an increased velocity. Not all events that were classified as qsf events
exhibit a small-scale structure, though.

The observed decrease of the near-bed u, together with the up- and downward
flow around it, as well as the increased values of λ2

ci, all correspond to the presence
of clockwise-rotating spanwise vortices. Vector plots were regarded in order to see
whether vortical flow is present. As only vortices at a distance of about the stone
size are expected to create considerable forces, only part of the measured flow field
was inspected. Indeed, one or more intense spanwise vortices were present near the
stone (upstream of the stone on the image before, and downstream of the stone on
the image after first movement) in 24 out of the 33 events. See figure 7.6 for two
examples. Almost all flow fields that are classified as twp fields in figure 7.4 are
among these (12 out of 13).

One kind of flow structure that can be discerned is a single vortex rotating in
the clockwise direction. In the top panel of figure 7.6 an example of such a vortex
is depicted. Around the area with high λ2

ci a rotational flow field is indeed visible
if the proper convection velocity is subtracted. See the figure captions for the exact
velocities that were used. The value of λ2

ci has several maxima, but a noisy image can
be expected in such a turbulent flow. This flow can be responsible for lifting the stone,
as the vortex causes a low pressure under its core – compare to figure 6.1. Similar
flow fields were found at 7 out of the 33 events. The centre of the vortex is typically
located 10–30 mm above the top of the stone. Tomkins (2001) observed that intense
vortices of the scale of the roughness size occurred more frequently than other sizes.
This would mean that the vortices capable of moving stones are relatively frequently
present in uniform flows.

Regularly a vortex is accompanied by a Q2 event or ejection (u′<0, v′>0) upstream
of it. These two structures together are thought to represent the cross-section of a
hairpin vortex, and are hence called a hairpin vortex signature (Adrian et al., 2000b,
and section 2.2.1). See the left panel of figure 7.7 for an example. Here a vortex is
present at (0,20) mm and the Q2 event around (-5,15) mm.

Another flow structure that could regularly be discerned at the time of first move-
ment was a small hairpin-vortex package (hvp), where several small hairpin vortex
signatures are aligned in a straight line of increasing elevation in downstream direc-
tion. These vortices span a wedge-shaped area with retarded and upward velocity
(Q2 event) relative to the large-scale flow – not to the mean flow. A clear hvp was
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Figure 7.6: Detail of instantaneous field just before movement of the target stone. Top:

event #5, �u − 0.65�U , bottom: event #28, �u − 1.0�U .
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Figure 7.7: Left: Event #29, just after first movement of the stone, �u−0.70�U . Right: Event

#23, just before movement, �u − 0.85�U .

visible at 9 out of the 33 events. An example is depicted in the bottom panel of figure
7.6. As the hvp is embedded in a large-scale Q4 event, an increased u velocity follows
right after the Q2 event has (slightly) lifted the stone from the ground.

A vortex that rotates anti-clockwise creates an increased quasi-steady drag and
twp-lift simultaneously. Hence this flow structure could be very efficient in dislodging
a stone from the bed. On the other hand, the consecutive occurrence of lift and drag –
which is implied by the conditionally averaged flow field – increases the total duration
of the forces on the stone, which gives the stone time to accelerate. Anti-clockwise
vortices can be seen in 5 out of the 33 movement events, be it with a low intensity.
Therefore it is not conclusive whether these vortices aid in the entrainment of the
stone. See the right panel of figure 7.7 for an example of such a vortex at (-25,15)
mm. Note that the intensity of the vortex is low. Further note the high convection
velocity of the vortex of 0.85U (the velocity in the centre of the vortex).

7.3.4 Large-scale flow structure during individual movements

The sweep event in the conditionally averaged plot had a length of about 5h. This size
may have been somewhat increased by the averaging procedure. The length scale of
the sweep events is difficult to define objectively. A visual inspection of the length of
the sweep events (maximum extent of regions where u′ > 0.1 m/s) indicates that most
sweep events present at the time of initial stone movement are 2–4h in length. This
size is the usual size of large-scale structures in open-channel flow (Nezu & Nakagawa,
1993). No clear sweep is present at the time of initial stone movement in only 3 out
of the 33 cases. In these cases the stone moves at the moment that an intense, large-
scale Q2 event arrives at the stone. Furthermore, the gradients of the velocities are
larger in the individual spliced plots, which is also due to the fact that velocities are



�

�

“thesis” — 2005/10/16 — 15:17 — page 121 — #139
�

�

�

�

�

�

7.3. Uniform flow 121
y

(m
m

)
y

(m
m

)

x (mm)

y
(m

m
)

u ′
(m

/s)
v ′

(m
/s)

λ
2c
i (s −

2)

-400 -200 0 200 400

100
200

400

-0.15

-0.05

0.05

0.15

-0.2
-0.1
0

0.1
0.2

0

50

100

0

50

100

0

50

100

Figure 7.8: Large-scale spliced flow field of event #28.

not smeared out by the averaging procedure.
The presence of the two flow structures in the conditional average is not an artefact

of the averaging procedure. An example of this is event #28 (figure 7.8), which
resembles the conditional average remarkably well. There is a small-scale upward
velocity at x = 0, which was seen to belong to a small hairpin vortex package (hvp)
in the previous section. This hvp is embedded in a Q4 event of about 4h length.

Not every event has this embedded structure, however. A good example is event
#5. The intense vortex of event #5, already shown in figure 7.6, seems to be part of
a hvp as well (see figure 7.9). This hvp is larger and is not embedded in a Q4 event
as is the case for event #28. Instead a Q4 event of a size comparable to the Q2 event
follows it (i.e. is situated left of it). The hvp can be recognised from the inclined
line of vortices (large λ2

ci) extending from x=−100 mm to 100 mm which separates a
Q2 event and a Q4 event. The angle of the line of vortices to the bed is roughly 16
degrees, which is in the range of 10◦–20◦ found by Tomkins (2001) for hvps. Several
equally sized hvps seem to be present in this flow field.

7.3.5 Sensitivity of results

It is laborious to change the many parameters that govern the probability of movement
of the target stone, like the size, shape, position, and orientation of the stone, the
surrounding topography, and the strength or depth of the flow. Only a few changes
were made. The results of these are discussed next, mainly to see whether the findings
of case U007 also hold for other configurations.



�

�

“thesis” — 2005/10/16 — 15:17 — page 122 — #140
�

�

�

�

�

�

122 Chapter 7. Flow Structures and Stone Movement
y

(m
m

)
y

(m
m

)

x (mm)

y
(m

m
)

u ′
(m

/s)
v ′

(m
/s)

λ
2c
i (s −

2)

-400 -200 0 200 400

100
200

400

-0.15

-0.05

0.05

0.15

-0.2
-0.1
0

0.1
0.2

0

50

100

0

50

100

0

50

100

Figure 7.9: Spliced flow field of large-scale event #5.
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Figure 7.10: Large-scale conditionally averaged flow structure for stone with slightly in-

creased protrusion (U003).
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Exposure

One variation was the increase of the exposure of the original target stone by about 3
mm (U003). This clearly effected the mobility of the stone: the movement frequency
increased from 6.5 hr−1 to 20.1 hr−1, while the shear stress was even slightly decreased.
The increased exposure was accomplished by placing the leading part of the stone on
a small support. The conditionally averaged flow over the 34 recorded movement
events is shown in figure 7.10. It can be seen that the flow structure that is necessary
to move the stone is similar to that during the reference measurement. Both the
large-scale sweep, as well as the small-scale embedded fluctuation can be seen.

Other stone

Also a measurement with a different target stone was undertaken (U014). This stone
was smaller than in the reference case U007. The conditionally averaged flow over
the 50 recorded movement events is shown in figure 7.11. In this case the sweep event
is more intense than for U007. A small-scale structure is still present in the image of
the vertical velocity, but not in the streamwise velocity.

When regarding a classification plot similar to that of U007 (figure 7.12), we can
see that the qsf are more frequently important for movement in this configuration,
as most events have a large FA-value (qsf-indicator). When regarding the individual
spliced plots for the movement events we see that flow structures with embedded
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Figure 7.11: Large-scale flow structure for different stone (U014).
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Figure 7.12: Classification of events for different stone (U014). Dots are the values of a

reference measurement with a fixed stone (10 min. duration & 0.5 Hz). The

circles are the values just before stone movement. The solid lines represent the

average values of the indicators.

small-scale v-fluctuations still occur at the time of first movement, be it less often. It
seems that the twp-induced forces are required less for stone movement in this case
of the smaller stone than for case U007.

Low mobility

One experiment was made with a very low mobility flow (U005). The measured shear
stress was not much lower than in the reference case U007, but the stone only moved
3 times in one day of measurements. This can be expected when regarding the steep
slope of the transport curve of Paintal (1969). The force indicators for these three
events indeed have extreme values as well. Two have a very large σ(v)2A, and one has
a very large FA. Therefore it is concluded that the flow structures that entrain stones
do not change when the mobility is varied in the low-mobility range.

7.4 Backward-facing step

A similar analysis as undertaken for the uniform flow is made for the backward-facing
step (bfs) flow. Mainly case B006 is treated which was measured at the reattachment
point at 12hs from the step. First we see which force mechanisms are present in the
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flow at the time of first movement, and after that we present the conditionally averaged
flow structures. These are checked against some instantaneous flow fields. The bfs

flow has often been studied, be it mainly in ducts (i.e. with a rigid lid) and with
a smooth bed. Here some flow structures were identified that occur with a certain
periodicity. We check whether and how these are connected to the entrainment of the
target stone.

A comprehensive presentation of the results presented in this section can be found
in De Ruijter (2004).

7.4.1 Classification

The classification plot of the force indicators for the movement events of the bfs

experiment B006 is presented in figure 7.13. The dots, which represent a 10 minutes
experiment with a fixed stone, have a different distribution than in case of the uniform
flow. The large number of dots representing a value of the qsf-indicator near zero
can be explained by the quadratic nature of the qsf and the fact that the mean
flow velocity near the bed is very low – it is predicted by the probability distribution
of u|u| in eq. (5.3). For this case it is very clear – more than for the uniform flow
– that the movement events (circles) are characterised by values of σ(v)2A and FA
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Figure 7.13: Force indicators of flow fields just before stone movement at reattachment point

(B006). Dots are the values of a reference measurement with a fixed stone (10

min. duration at 0.5 Hz ). The circles are the values just before stone movement.

The solid lines represent the average values of the indicators.
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that are both above average. Also the fact that the combination of the two forces
has to be large enough to dislodge the stone is much clearer. The lower envelope of
the points indicating the movement events clearly forms a line with a negative slope.
The fact that the classification plot is much clearer for the bfs flow might be due
to the fact that the duration of a stone movement is generally much shorter in this
configuration. This makes the probability that both force-indicators are large in the
same image – and do not occur sequentially – larger than for the uniform flow case.
Another possibility is that in the uniform cases different mechanisms that cannot be
measured, like a fluctuating spanwise velocity, affect the stability of the target stone.

7.4.2 Conditionally averaged flow structure

The conditionally averaged flow structure around the time of movement of the target
stone is shown in figure 7.14. It has not been spliced as the mean flow has a larger
vertical gradient (with negative velocities near the bed). Therefore the validity of the
splicing procedure becomes doubtful. From the Reynolds decomposed plots of the
streamwise velocity it can be seen that fluid with high velocity is transported from
the upper layers to the bed. At the same time a structure with high vertical velocity
is coming to the bed. From the vector plots (right panels in figure 7.14) this is seen
to be part of a spanwise vortex. This vortex is located above the stone at the time of
first movement of the stone (between t=-33 ms and +33 ms).

Other position

Similar measurements were executed at 14hs from the step. The same kind of flow
structure was seen to be responsible for stone movement at this location. This has
not been investigated further.

7.4.3 Quasi-periodic structures

In literature a number of quasi-periodic structures occurring in bfs flow are men-
tioned. The main features are the shedding of large vortices from the step and a
low-frequency flapping motion of the mixing layer. An oscillation of the reattachment
point is also reported, which is probably directly linked to the shedding of the large-
scale vortices. Table 7.1 denotes the frequency of occurrence of certain flow features
mentioned in literature. We will inspect whether the frequency of occurrence of the
conditionally averaged flow structure at first stone movement is comparable to the
frequencies reported in literature for one of these features. The frequencies have to
be made dimensionless in order to be able to compare them. The step height hs

and the reattachment length xr are sometimes chosen, for the length scale. As the
ratio of these length scales is rather constant in the low-Reynolds number duct flows
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Figure 7.14: Conditionally averaged flow structure around the time of movement (t=0) for

case B006. The target stone is situated at the reattachment point, (x,y)=(0,0).

Left: u′, middle: v′, right: �u − 0.8�U , detail with every second vector plotted.
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Mechanism Source
fhs

U0
f

[Hz]

Shedding of Lee & Sung (2002) 0.065 0.7
large vortices
Oscillation of Simpson (1989) 0.09–0.15* 1.0–1.7

reattachment length
Flapping of Lee & Sung (2002) 0.0136 0.15
shear layer Simpson (1989) < 0.02* < 0.22

Table 7.1: Quasi-periodic phenomena in bfs flow and their frequency. The right column

represent the frequency expected in the present set-up, when the measured U0 and

hs are used. *) These frequencies were scaled by xr, and have been recalculated

assuming xr/hs=5.5–6.5.

treated in literature, both can be interchanged rather easily. The present set-up has
a reattachment length of 12hs, which is about twice that in most cases treated in
literature (see also chapter 4), so one of the two has to be chosen. In chapter 6 it was
shown that the wall pressure spectrum of the rough bed measurements resembles that
of the smooth beds very well when made dimensionless with the step height. This
is confirmed for the pressure measurements of the second experimental series where
also some pressure sensors were installed. Therefore hs is used as the representative
length scale.

To inspect whether the flow structure that initiates stone movement is a normal
flow structure, the correlation between the conditionally averaged u′ field just before
movement (third plot from the top in figure 7.14) to a time-series of u′ recordings
that was recorded with 15 Hz for 20 seconds is determined:

ρ(t)uCA =

〈
u′

CA(x, y) u′(x, y, t)
〉
A√〈

u′
CA(x, y)2

〉
A

〈u′(x, y, t)2〉A
, (7.5)

where u′
CA(x, y) is the conditionally averaged flow field at first stone movement, and

〈...〉A is a spatial average over the recording area A.
The result is plotted in figure 7.15. Regularly the correlation coefficient has max-

imum values which are rather high (about 0.7). Apparently a u′ field very similar to
the conditionally averaged field is present regularly. The maxima in the correlation
are highlighted by circles in figure 7.15. These are found by determining the points
that are maximum in a 1.25 s surrounding window. As every peak consists of a few
points, it means that the correlation function is time-resolved. The frequency of oc-
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Figure 7.15: Coherence between conditionally averaged field of streamwise velocity just be-

fore stone movement (u′
CA) and a recording with a fixed target stone.

currence of these maxima is about 0.6 Hz (12 peaks divided by 20 s). A similar peak
frequency of 0.7 Hz is obtained from spectral analysis. This is very close to the value
reported for the shedding of large-scale eddies from the step, mentioned in table 7.1.

When applying a similar correlation using the v field we obtain a signal resembling
white noise (not shown). This means that this structure probably occurs with a higher
frequency than the Nyquist frequency of 7.5 Hz. This raises the question whether the
conditionally averaged v field at the time of stone movement is comparable to the
v field corresponding to the maxima of the correlation of the u′ fields. This can be
seen in figure 7.16. Here the average flow field at all the instants of the maxima
indicated in figure 7.15 is depicted to the left of the conditionally averaged flow
structure just before stone movement. It can be seen that the u′ fields are very
similar. This is to be expected, as this is the flow structure that was searched for
by the correlation procedure. Surprisingly, the v fields are completely different. The
vertical velocities in both plots are of opposite sign. The ‘normal’ flow structure has
a negative vertical velocity, which is connected to the downward transport of the high
streamwise velocity, whereas the intense small vortex that is transported towards the
stone just before stone movement causes an upward velocity.

The observed frequency of occurrence of the u′ flow field of roughly 0.6 Hz yields
a dimensionless frequency of occurrence, fhs/U0, of roughly 0.06. This is comparable
to the dimensionless frequency of 0.065 that is linked to the shedding of large vortices
from the step (Lee & Sung, 2002). Therefore it is likely that the large-scale streamwise
flow structure at the time of stone movement is connected to the normal shedding of
large vortices. These vortices (see figure 14 in Lee & Sung (2002)) are created by the
merging of several smaller vortices (Lee & Sung, 2002). It might be that occasionally
one of these is not completely merged with the others and causes the small-scale v

fluctuation which causes the initial stone movement.
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Figure 7.16: Left: ‘normal’ flow, i.e. conditionally averaged flow structure during maximum

correlation with the u′
CA field (circles in figure 7.15) (top: u′, bottom: v′).

Right: flow field just before stone movement (u′
CA and v′

CA).

7.5 Evaluation of quadrant analysis

The combination of a large-scale Q4 event and a small-scale Q2 event is optimal
for moving material from a bed. This combination occurred during initial stone
movement, both for uniform flow and bfs flow. A Q4 event causes an increased drag
and lift force due to the enlarged streamwise velocity. However, the corresponding
negative v′ decreases the lift [eq. (2.13)]. For the initial movement of the stone, the
lift force is often important as the vertical exposed area of the stone is still small and
the moment created by the drag force is not yet very large due to the large pivoting
angle. Therefore an increased lift force of short duration is necessary to dislodge the
stone. Once the stone is raised, the drag force alone is capable to move it further over
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u'

v'

Large-scale Q4 event
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Embedded small-
scale Q2 event

u'

v'
Resulting Q1 event

Figure 7.17: Illustration of a Q4 event (sweep) and an advected Q2 event (ejection), together

creating a Q1 event (outward interaction).

its point of rotation. A small Q2 event can create the lift force needed for this first
movement. Adding an advected small-scale Q2 event to a Q4 event can result in a Q1

event (u′>0, v′>0), as depicted in figure 7.17. The large-scale Q4 event has a longer
duration than the Q2 event, so the resulting force vector fluctuates as indicated by
the block arrows. This causes the force direction to rotate in the same direction as
the stone, such that the moment remains large for a longer time. A quadrant analysis
which only regards the instantaneous values of u′ and v′ at a single point does not
capture this sequence of flow structures that is needed to move the stone.

7.6 Pressures

Before concluding this chapter a brief analysis is presented of the pressures that
were measured around the target stone during the second measurement series. These
corroborate certain findings and assumptions presented earlier.

The measured pressures, conditionally averaged over all stone movements for the
uniform flow case U007, are depicted in figure 7.18. The positions of the various
sensors are given in figure 4.9. The pressure on the lift sensor L1, upstream of the
target stone, decreases when the target stone moves, indicating lift. It is reasonable to
conclude that the target stone experiences this lift as well. Therefore the quasi-steady
lift does seem to be present.

The pressure under the target stone (L2) increases when the stone begins to move.
This is explained by the increasing exposure of the stone, which leads to a stagnation
pressure under the target stone. This is in line with the statement that once the
stone is only slightly lifted (possibly by the twp), a much lower streamwise velocity
is necessary for the stone to rotate further.

The drag pressure sensor besides the target stone, D1, shows an increased drag
around the moment of movement. This is in line with the presence of a large sweep



�

�

“thesis” — 2005/10/16 — 15:17 — page 132 — #150
�

�

�

�

�

�

132 Chapter 7. Flow Structures and Stone Movement

Figure 7.18: Conditionally averaged

pressures near target

stone during entrainment

at t=0. Top: lift sensor

upstream of stone, mid-

dle: sensor under stone,

bottom: drag sensor next

to stone. The dashed

line indicates the latest

possible time that the

first piv recording after

movement is made.
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that causes increased qsf. The sensor was placed 4 cm besides the target stone,
implying that the sweeps have a width of at least 8 cm, which is roughly h/2.

The pressure spectra of the various sensors are depicted in figure 7.19. These are
compared to a spectrum of Lee & Sung (2002), as was done for the bed-mounted cube
in chapter 6. It can be seen that the dimensionless peak frequency of all spectra is 0.1.
Moreover, the spectral slope at higher frequencies for the present measurement as well
as for the Lee & Sung spectrum is about -7/3. The low-frequency part of the spectrum
is higher than the Lee & Sung spectrum, like the spectra of the first measurement
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Figure 7.19: Spectra of pressures on stones surrounding target stone.
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series. This implies that the conclusions that were drawn for the bed-mounted cube
are also valid for stones with more realistic shapes. The fact that the spectrum of D1

is similar to the spectra for the lift sensors indicates that for the realistic position of
the stones in the second measurement series, the drag is influenced to a large extent
by the twp.

Some differences can be observed between the presently measured spectra and the
spectrum of Lee & Sung (2002). The peak in the spectrum at fhs/U0 ≈ 0.1 is lower
and an extra low-frequency peak is present at fhs/U0 ≈ 0.045. It is not clear what
the origin of these differences is.

7.7 Conclusions

The conclusions derived here apply to a few single stones with their specific position,
orientation, shape, size, and density. Still, as some crucial parameters were changed
and the results remained comparable, we believe that the results are representative
for the entrainment process of coarse, sharp-edged bed material in bed protections.

The flow structure that leads to stone movement is very similar in uniform flow
and in backward-facing step (bfs) flow. The stone is entrained during the presence of
large-scale areas with increased streamwise and downward velocity (Q4 event). Often
it gets an initial lift (or rotation) by an intense, small-scale fluctuation of vertical
velocity. Here the streamwise velocity is locally decreased (Q2 event). This is usually
connected to the presence of a spanwise, clockwise rotating vortex (probably a cross-
section of a hairpin vortex). However, differently oriented vortices might also be
responsible for the initial movement of the stone. The initial lift of short duration
increases the exposed area and angle of repose such that the stone is moved more
easily by the increased streamwise velocity reaching the stone after the fluctuation in
vertical velocity. The intensities of the two flow structures (i.e. the large Q4 and the
small Q2 event) at initiation of movement appear to be negatively correlated. This
can be explained by the fact that if one is more intense, the other can be less intense
for the total force to overcome the critical force and vice versa.

In the uniform-flow case the increased longitudinal velocity is part of a large-scale
Q4 motion. The size of these sweeps is typically about 2–4h in streamwise direction
and 2

3h in the vertical direction, but lengths of ≈ 6h were also observed. These
sweep events resemble the structures normally occurring in open-channel flow (Nezu
& Nakagawa, 1993; Buffin-Bélanger et al., 2000). They cause increased quasi-steady
forces on the stone.

In uniform flow, the fluctuating vertical velocity is often caused by single vor-
tices or vortex packets close to the stone (typically 0.5–2d) which cause turbulence
wall pressures. Most often this small-scale structure is embedded in the large-scale
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sweep. Some strong Q4 events without the increased small-scale vertical fluctuations
were observed, but the streamwise velocity was always above its mean value during
stone movement. In other cases a Q2 event and a Q4 event of comparable size occur
sequentially without the nesting of a small structure inside the larger Q4 event.

In the bfs flow the pattern of increased streamwise velocity occurs with a dimen-
sionless frequency, fhs/U0, of about 0.06. This flow structure is probably caused by
the periodic shedding of large vortical structures, which are described in literature as
having a dimensionless frequency of 0.065. These large-scale vortical structures can
be regarded to be the downstream part of the recirculation area that sheds from the
main recirculation area and has a size larger that the step height. The direction of
the vertical velocity near the stone at initial movement is opposite to the direction
present during the normal occurrence of this flow field. This is due to an extra small
vortex, which creates the initial lift force on the stone. This vortex originates from
the mixing layer, instead of the bed, as was the case for the uniform flow.

One can state that in general the stone is moved by an exceptional combination
of two normal structures, at least one of which has an exceptionally high magnitude.
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Chapter 8

Modelling Damage to Bed

Protections

8.1 Introduction

Bed protections are usually built near hydraulic structures like groins, weirs, sluices,
etc. These structures cause the flow to be non-uniform. However, the stability pa-
rameter of Shields (1936), which is the basis of most design formulae, is meant for
uniform flows. Therefore physical modelling is still necessary for the design of bed
protections in new configurations. Otherwise large safety factors have to be used.
Contrary to this lack of knowledge, the computation of the hydrodynamics has in-
creased immensely during the last decades. In this chapter we try to make the link
between the output of such computer models and the stability of bed protections.
Hereto a new methodology for designing bed protections is developed, which is partly
based on the approaches developed by Hoffmans & Akkerman (1998), Mosselman
et al. (2000), and Jongeling et al. (2003). This model is meant in first instance for
stationary, non-uniform flows, but an extension to waves is thought to be possible.

In section 8.2 the general form of the stability model is described. The flow
attack is assessed in a Shields-like parameter, of which a general form is given. The
bed response (i.e. damage) is described by the (dimensionless) entrainment of bed
material. The aim is to find a stability parameter that can predict the entrainment
rate for various flow conditions.

Next, in section 8.3 the numerical method that is to be used to calculate the
flow attack is assessed. The use of Large Eddy Simulation – where the large-scale
turbulence is resolved – is discussed briefly. However, the method that will be used is a
3D, Reynolds-averaged Navier-Stokes (rans) model with k-ε turbulence closure. The

135
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turbulence intensity is also output of such a model, and is needed for the estimation
of damage to bed protections.

In section 8.4 the formulation of the stability parameter is determined. The para-
meter explicitly models the quasi-steady forces only. It weights the velocity sources
in the water column above the bed using a turbulence length scale. Then, in sec-
tion 8.5 the relation between the new stability parameter and the entrainment rate is
calibrated. To this end existing measurements are reanalysed.

In section 8.6 it is evaluated how (already available) computations with a rans

model can predict the entrainment. The chapter ends with conclusions.

8.2 Governing parameters

8.2.1 Shields parameter including Quasi-Steady and twp forces

The Shields parameter describes the ratio of the mean quasi-steady forces (bed shear
stress) on the bed material to the resisting forces. A similar parameter can be defined
where the numerator consists of both quasi-steady forces as well as forces due to
accelerations (twp). Both can have a mean and a fluctuating part, as in:

Ψtot ≡
(
CB(ũ + ũ′)2 + Cm(ã + ã′)d

)
max

∆gd
, (8.1)

where a is the acceleration of the flow and the tilde means the projection of the
velocity on the bed (e.g. ũ2 = u2 + w2 for a horizontal bed). CB is a combined drag
and lift coefficient, and Cm is the added mass coefficient. Note that the two forces
scale differently with d. The fluctuations (of both u and a) can be due to waves and
turbulence, but we focus on the turbulence part here.

The subscript ‘max’ means that the entrainment will mainly be governed by an
extreme value of the occurring forces (for simplicity designated as the ‘maximum’
force). For this a term like Fmax ∝ (u + ασ(u))2 has been used, see e.g. eq. (2.32).
As this ‘maximum force’ only incorporates the velocity explicitly, it is an estimate of
the quasi-steady forces only. Sometimes probabilistic methods are used, where the
probability of P (F > Fc) is evaluated.

However, the acceleration can have an additional and significant influence on the
forces on the particles, with both a mean and a fluctuating part. The stationary
acceleration can be due to e.g. steep water-surface slopes or jet flow deflected on a
bed (Dessens, 2004; Schokking, 2002). The fluctuating acceleration can be due to
turbulence (chapter 6) or waves (Tromp, 2004, who found Cm ≈ 7CB). Simply taking
the sum of the two forces is often referred to as the Morison approach (usually applied
to calculate wave forces on piles).

The exact formulation of Ψtot used in the present study is given in section 8.4.4.
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8.2.2 Damage criterion: Entrainment

The parameter Ψtot is a measure of the flow attack on the bed. If the mechanisms
causing stone displacement are correctly represented in Ψtot, with properly calibrated
coefficients, then the value of Ψtot should determine the bed response for a variety of
flow conditions – uniform and non-uniform. To check whether this is the case, or to
which extent, a clearly defined and quantified measure of the bed response is required.
This quantity should be dependent on the local hydrodynamic conditions, and should
represent ‘damage’ to bed protections. For reasons mentioned below, we will use the
entrainment rate (E) as this quantity.

No clearly defined measure of damage is available at present. In physical model
tests an arbitrary number of stones moving from an arbitrarily sized area of the bed
protection is usually chosen as the initiation of damage. Also a time dependence
should be added. Damage to a bed protection under a steady flow increases in time
as due to turbulence fluctuations a stone is moved sporadically. The quantity that
represents the volume (or the number) of stones that is picked up from a bed pro-
tection per unit of bed area and time is the entrainment rate of stones, E. This is
a clearly defined quantity, which can be compared between different investigations in
its dimensionless form:

ΦE ≡ E/
√

∆gdn50 . (8.2)

The entrainment rate has the advantage that it is completely dependent on the lo-
cal hydrodynamic parameters. Conversely, the transport and the deposition of bed
material are dependent on hydraulic loads upstream; all the stones passing a certain
cross section (transport) have been entrained upstream of this cross section. This
means that it is fundamentally impossible to make a transport or deposition formula
for non-uniform flow based on the local hydrodynamic forces only.

To clarify this we can regard the sediment continuity equation (2.15) – which was
used by Mosselman et al. (2000) to estimate the evolution of damage in time. It can
be rewritten as:

∂yb

∂t
= − 1

1 − ε
(E − D) , (8.3)

Here D is the deposition rate. Per definition D ≥ 0 and E ≥ 0. It can be expected
that at places with maximum damage (high hydraulic loads), the deposition rate will
be small. Therefore, if the non-local parameter D is omitted, the following time-
dependent damage indicator is obtained:

∆yb(t1)max =
1

1 − ε

∫ t1

0

E dt , (8.4)

where the bed protection was constructed at t=0, and ∆yb(t1)max is the maximum
lowering of the bed at t=t1, which is per definition larger than or equal to the real
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lowering of the bed. In reality the bed will not lower gradually. Still ∆yb(t1)max is a
measure of the probability that holes will appear in the cover layer. For a single layer
protection ∆yb(t1)max will probably have to be less than a few percent of the stone
diameter. By neglecting the deposition of the stones a conservative (safe) estimate of
the damage level is obtained. It was already mentioned that at places with maximum
damage the deposition is expected to be small. Therefore ∆yb(t1)max will be close to
the real lowering of the bed, ∆yb(t1).

Using eq. (2.15) or (8.3) to estimate damage could also lead to a false sense of
safety. For example, if we imagine a stretch of bed protection with large and equal
entrainment and deposition rates, giving dqs/dx=0 on average, we would not expect
any damage according to eq. (2.15). Still many stones are picked up and deposited
over time, increasing the chance that holes will develop in the bed protection, which
could lead to failure of the protection layer.

Also when a more classical critical-value stability approach is adopted, a low
threshold value of the dimensionless entrainment parameter ΦE can be used as the
mobility of the bed that is regarded as ‘initiation of motion’. The stability parameter
corresponding to that ΦE,c can subsequently be determined. This critical stability
parameter can then be used for designing bed protections.

8.2.3 Aim

The aim of this chapter is to find a damage predictor for non-uniform flows. From the
preceding it follows that this can be accomplished if an expression for Ψtot is found,
that includes the quasi-steady and twp-induced forces in a representative way. The
expression for Ψtot should govern the bed response, expressed by the (dimensionless)
entrainment rate. Hence there should be a unique relation:

ΦE = f(Ψtot) . (8.5)

It must be determined which flow parameters can be used in the numerator of Ψtot and
how they can be obtained from a numerical calculation. Measured entrainment-flow
combinations for a range of non-uniform flows can be used to find the formulation
of Ψtot that gives a relation with the least scatter. If calibrated and verified, this
relation can be the basis for a method of designing bed protections using numerical
flow calculations.
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8.3 Assessment of possible modelling approaches

8.3.1 (Very) Large Eddy Simulation

In chapter 5 it was mentioned that low-frequency (f ≈ 〈u〉h /h) drag fluctuations most
probably cause the largest forces (and moments) on stones. In addition, the total force
caused by the low-frequency drag force fluctuations can (at least for some stones) be
increased temporarily by high-frequency (f ≈ 〈u〉h /d) twp – sometimes caused by
vortex shedding from the stone – giving higher extreme forces. Changes in geometry
of a flow (steps, roughness transitions, etc.) have a non-local influence on damage,
as the large-scale turbulence level takes a length of tens of water depths to change.
Large Eddy Simulation (les) cfd models might be used to resolve the large-scale flow
structures (which cause the low-frequency velocity variations). Bed-protections have
a limited spatial extent, so that the computational domain need not be too large. This
gives the possibility to use more advanced three-dimensional calculations. Therefore,
at first glance les seems feasible for the design of bed protections. It would directly
yield the probability distribution of the near-bed velocity, and hence qsf, which can
be used to predict damage. The effect of the computed turbulence on the probability
distribution of forces could be estimated by using eq. (5.3).

Foreseeable problems of the use of les in practice are that the computational time
might become too large – despite the limited spatial dimensions – as a substantial time
span has to be simulated to obtain reasonable statistics of the turbulent fluctuations
in the flow. In order to keep the computational time limited, one would have to use
a coarse grid and a short simulation time. This would lead to large errors in the
computed flow field. Further, the probability of occurrence of extreme values of the
velocity – required for the probability of occurrence of extreme forces – would not be
determined accurately. Therefore the shape of the tails of the probability distribution
would still have to be estimated. A possible influence of twp cannot be calculated
directly, so a sub-grid model should be used for this. For these reasons, combined
with the fact that the use of les for wall flow is disputed and it is not widely used in
practise yet, this way of modelling damage is not pursued further here.

8.3.2 Rans simulation with k–ε turbulence closure

Les computations are rather expensive, as flow during a long time has to be modelled,
so the use of a Reynolds-averaged Navier-Stokes (rans) model is preferred. These
models directly compute the mean flow field, but need a closure to determine the
turbulence viscosity. The k–ε model is widely used for this in the civil engineering
practise, which makes it a logical choice to use. The k–ε model is a semi-empirical
model with some fundamental shortcomings. The major one is that k–ε models give
one turbulence length scale per point, so one cannot distinguish between different
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scales of turbulence at one position, e.g. scales connected to bottom turbulence and
free turbulence. Still, in certain cases it can give a fair estimate of the mean flow
and turbulence properties. However, assuming that the model gives the exact values
for u, k, ε and p, still some problems remain. These problems are also present
if the required parameters are measured precisely, and the stability of the bed on
prototype scale has to be examined. A first problem is that when knowing k, the
ratios σ(u)2 : σ(v)2 : σ(w)2 are still unknown. Secondly, the exact shape of the
probability distribution – and in particular its tails – and therewith the probability
of occurrence of extreme forces, is not known (as k only describes the second-order
moment of the velocity fluctuations). Thirdly, the usual boundary value for the near-
bed value of k is: k ∝ u2

∗. So using this k in a stability parameter will effectively
yield the classical Shields parameter without turbulence effects. And this is what we
wanted to avoid in the first place, as damage will be underestimated at places with a
high turbulence intensity. The latter problem can be solved by using velocity sources
from higher up in the flow (Jongeling et al., 2003, use this method). The problem with
using velocity sources away from the bed, however, is that the main (quasi-steady)
forces are determined by the flow velocity very close to the stones, so it appears that
velocities from higher levels in the water column cannot be used.

Given the above, there seem to be many problems with using the rans output.
However, when trying to find a rationale for using velocity sources away from the
bed, which would solve the third problem, one also finds that the second problem
mentioned above is addressed, making the use of a rans model seem possible. This
rationale is given next.

Why use non-local parameters?

Only near-bed velocities cause the quasi-steady forces on bed material. Therefore it
does not seem correct to use velocities from higher up in the flow. However, it has
just been mentioned that using k obtained from a k–ε model at the grid point nearest
to the bed will give a trivial answer that does not solve the problem of explicitly
modelling the effect of turbulent fluctuations. But if we regard another previously
mentioned ‘problem’ – that k only represents the second-order moments of the velocity
components – it becomes possible to justify the use of values of k and u from other
positions in the vertical. The velocities at higher levels in the flow, where the length
scale of the turbulence usually is of the order of the water depth, can determine the
higher-order moments of the near-bed velocity fluctuations. A large length scale at a
certain elevation implies that the turbulence structures from that elevation will have
a larger chance of reaching the bed sporadically, bringing velocities of the order of
magnitude of the velocity at that depth to the bed. These fluctuations may be rare
and intermittent, and therefore hardly alter the intensity (i.e. second order moment of
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u′) of the turbulence near the bed, while the probability of extreme forces is increased.
This makes it plausible that parameters at different depths can – or rather should –
be used to determine the extreme values of u near the bed.

In light of the above it was decided to develop a stability model that is based on
the output of a hydrodynamic rans model with a k–ε turbulence closure. This model
is developed in the next section.

8.4 New model for using rans output

In this section possible ways to use the computed turbulence parameters in the es-
timation of damage are discussed. A new model is developed which estimates a
representative ‘maximum velocity’ near the bed, and hence the ’maximum’ quasi-
steady force on the bed. An important new element is that the relative importance
of velocity sources above the bed is determined using the relative length scale of the
turbulence.

8.4.1 Incorporating the length-scale of the turbulence

A simple physical argument is used to determine a way to incorporate the turbulence
length scale in the stability parameter. In chapter 7 it is shown that both in uniform
flows and in bfs flows large-scale structures with increased u with a vertical size of
the order of the water depth are present at the time of entrainment of the stone. This
is a rationale for using velocity sources from the whole water column for estimating
the quasi-steady forces. Figure 8.1 shows a simplified flow structure. This is used
to obtain a relation between the computed parameters at a certain elevation and the
(extreme) velocities that are subsequently caused near the bed.

If we assume that the large-scale vertical velocity fluctuation at height y above
the bed is proportional to

√
k, and has a certain horizontal length scale, LH, and we

further assume that this is part of a large rolling structure with a vertical size equal
to 2y, then conservation of mass (yu′

b ≈ 1
2LHv′) leads to the approximate relation:

u′
b ∝ LH

y

√
k . (8.6)

As the structure also transports the mean momentum to the bed, we pose that the
following velocity estimate could be used in a stability parameter:

ub ∝ LH

y

(
u + α

√
k
)

. (8.7)

Here u+α
√

k is an estimate of the temporal ‘maximum’ of the local velocity, consisting
of the mean velocity plus a few times the standard deviation, as expressed in the term
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Figure 8.1: Model of large-scale eddy that causes damage.

α
√

k, in which α is a calibration factor (see 8.4.3). As these ‘maximum’ velocities
only sporadically reach the bed (they do not influence k near the bed), the spatial
maximum over the depth of this temporal ‘maximum’ is taken to represent the extreme
velocity near the bed governing the low-mobility entrainment:

ub,max ∝ max
[
LH

y

(
u + α

√
k
)]

. (8.8)

The horizontal length scale is dependent on the kind of turbulence that is present.
In addition it is necessary to estimate the intensity of the large-scale fluctuations,

as only these fluctuations will reach the bed. For instance, it is not likely that a
beginning mixing layer – that gives an intense small peak in the turbulence intensity
– influences the stability of the bed. This situation is present at the first measurement
location at the gate configuration (described in the next section, figure 8.5). In case
we use a k–ε model, we do not obtain information in the spectral domain, but we do
obtain spatial information. We can argue that if a large-scale structure exists at a
certain height, it will influence the turbulence intensities at all places surrounding this
height that are not more than half its length-scale away from this point. Therefore,
for the estimate of the large-scale intensity at height y we take the mean value of the
turbulence intensities over a height between y ± LH/2 to be the turbulence sources
from that height that influence bed stability. In other words: the vertical turbulence
intensity profile will be filtered by taking the moving average over the (variable) width
of LH, written as 〈...〉LH.

After this filtering operation we multiply the resulting ‘maximum velocity’ with
LH/y in order to obtain the influence of the turbulence at height y on the bed.
As a final step the velocity source causing the largest ‘maximum velocity’ near the
bed is taken as the velocity that governs the damage to the bed. Therefore the
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(vertical spatial) maximum of the (temporal) ‘maximum velocity’ (u + α
√

ku)LH/y

above the bed is chosen as the velocity to be used in the numerator of the new stability
parameter:

ΨLH =
max

[〈
u + α

√
k
〉

LH

LH

y

]2
∆gd

. (8.9)

Next we need an expression for LH.

8.4.2 Determination of the length scale

Two methods were tried to obtain the appropriate length scale of the turbulence, LH.
These are described next.

Using the dissipation length, Lε

From the calculated parameters k and ε, the dissipation length scale:

Lε =
k

3
2

ε
, (8.10)

can be obtained. This length scale might be used as LH in eq. (8.9). It is calculated
by the flow model, so it is potentially a good length scale to use. In order to check
whether this length scale can be used, it will be compared to a measured length scale.
We will check if it can be connected to the measured integral streamwise length scale,
which is defined as (Nezu & Nakagawa, 1993):

Lx = uc

∫ ∞

0

ρuu(τ)dτ , (8.11)

where ρuu(τ) is the auto covariance of u, τ is the time lag, and uc the convection
velocity of the flow structures. This can be determined from measurements. If an
inertial subrange applies, the large-scale Lx and small-scale Lε are related by (Nezu
& Nakagawa, 1993):

Lx

Lε
= K

σ(u)√
k

, (8.12)

where K≈0.691+3.98/
√

ReL, and ReL=σ(u)Lx/ν. With use of the relations for σ(ui)
in eq. (2.2) and the further assumption that ReL → ∞ for prototype flows, the relation
becomes Lx/Lε ≈ 0.73. This would enable us to compare the measured and calculated
length scales of turbulence fluctuations. However, Lx as defined in eq. (8.11) is not
always easy to determine from measurements. Sometimes the autocorrelation does
not go to zero for longer time lags, and the spectrum at the low-frequency range –
which can also be used to determine ρuu – is very noisy. A second inaccuracy is the
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use of Taylor’s hypothesis for the conversion of the temporal autocorrelation to the
spatial autocorrelation, which is not precise for the large-scale motion. Therefore we
will use the following rough approximation:

Lx ≈ ucτρuu=0.5 , (8.13)

where the length scale is determined from the measurements by taking the time lowest
lag where ρuu = 0.5, and we assume that this length scale is proportional to the length
scale obtained using (8.11).

According to the above, Lε and Lx are proportional to each other. This only holds
if an inertial subrange applies, which is not always true in non-uniform flows. There-
fore these will be compared in section 8.5.2, after the measurements and calculations
are presented. This comparison will lead to the conclusion that the calculated Lε does
not resemble Lx at all. The use of the calculated length scale is therefore abandoned,
and the use of another length is discussed next.

Using the Bakhmetev mixing length, Lm

As the use of the calculated length scale Lε is aborted, another length scale is used.
This is the mixing length according to the Bakhmetev distribution, which is not
dependent on the calculated turbulence field. This distribution is derived for a uniform
open-channel flow but will be used for all flows. It reads:

Lm = κhγ
√

1 − γ , (8.14)

where γ=y/h. As we use this length scale distribution for non-uniform flows, it is
more an estimate of the largest possible structure due to the geometrical constraints
of the bed and the free surface than an exact relation for the (integral) length scale.
If we make this length scale dimensionless with the height according to eq. (8.6) we
obtain the simple relation:

Lm

y
= κ

√
1 − γ . (8.15)

This has a maximum near the bed, so when this is used in eq. (8.9) it corresponds
to fully taking into account the velocity sources near the bed, with a decay towards
the free surface. Intuitively this seems a very reasonable weighting function for the
velocity sources.

8.4.3 Inclusion of Turbulence Wall Pressures

The present new stability model still does not explicitly incorporate the twp forces
[the contribution of the acceleration a′ in eq. (8.1)]. However, the value of α in eq.
(8.9) of 6, as found by Jongeling et al. (2003) (which will hereafter turn out to be
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Figure 8.2: a) Vertical ‘maximum velocity’ distribution according to eqs. (2.1) and (2.2) with

a Gaussian bump of two sizes, b) Bakhmetev mixing length. c) Estimate of the

large-scale ‘maximum’ velocity. d) Relative influence of velocity at a certain

elevation. e) The estimated influence of the large-scale turbulence on the bed.

The vertical lines indicate the two maximum values.

the optimal value in the present model as well) is very high. This might be due to
the fact that the model implicitly incorporates the effect of twp. As the twp are
only efficient if they have a spatial dimension of the order of the stone diameter,
only velocity sources close to the bed will lead to large twp forces. Therefore only
turbulence sources near the bed should be used. A model like the one of Uittenbogaard
et al. (1998, see chapter 2) could be used to incorporate the effect of twp explicitly, in
addition to a model for the quasi-steady forces. On the other hand, it was observed
that the high-intensity high-frequency pressure fluctuations can coincide with the
(low-frequency) events with high longitudinal velocity (figure 5.10). This leads to
an indirect dependence of twp on velocity sources over the whole water column,
increasing the erosive capacity of a sweep with a certain velocity. So for now the twp

are indirectly accounted for by an increased value of α in the stability parameter.
The additional force due to a stationary acceleration in the flow in the numerator

of Ψtot is not investigated in this chapter, as the available measurement data do not
exhibit large stationary accelerations, so they cannot be used to test the approach.

8.4.4 The new stability parameter

As the Bakhmetev mixing length is chosen as the length scale to use, the new stability
parameter is formulated as:

ΨLm =
max

[〈
u + α

√
k
〉

Lm

Lm

y

]2
∆gd

. (8.16)

The different steps in finding the dominant velocity near the bed using this model
are illustrated in figure 8.2 for a uniform flow with an extra turbulence source at mid
depth (γ=0.5).
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8.5 Performance of the methods

Two methods for the description and prediction of flow attack on bed protections (i.e.
the numerator of Ψtot) are checked against measurements in the following sections.
These are:

• An existing parameter ΨWL: this uses u+α
√

k, averaged over a certain interval
above the bed, eq. (2.32) (Jongeling et al., 2003).

• The present parameter ΨLm: this uses the maximum over the depth of the local
values of (u + α

√
ku) weighted with the relative distance Lm/y [eq. (8.16)].

The classical stability parameter Ψ, which assumes that the turbulence velocity
fluctuations are proportional to the shear velocity, eq. (2.14) (Shields, 1936) was not
originally meant for non-uniform flows, but it is used as reference.

In the measurements presented in this thesis the flow field and its influence on a
few single stones were studied. As all stones have different characteristics, measure-
ments of bulk entrainment are needed in order to find a quantitatively valid relation
between a flow parameter and the stone entrainment rate; preferably for a range of
flow configurations with a large range of relative turbulence intensities and types of
turbulence.

8.5.1 Data used

In order to check the possible approaches for predicting damage outlined above, data
are used of measured entrainment and velocities at WL|Delft Hydraulics (Jongeling
et al., 2003, next: WL) – of a number of different configurations – and measurements
by De Gunst (1999, next: DG) of a backward-facing step (bfs). All configurations
have no variations in the transversal direction, which corresponds to the way the
entrainment rate is measured. Furthermore, both free turbulence and wall turbulence
are present with various values of the relative turbulence intensity. The following nine
configurations are used (see also figure 8.3):

• 1–3: Uniform flow, h=0.25, 0.375 and 0.50 m (WL).

• 4: Long sill, 1:3 lee-side, h= 0.375 m (WL).

• 5–6: Increased large-scale turbulence, Q=83.4 and 68.4 l/s (WL).

• 7: Short sill, 1:8 lee-side (WL).

• 8: Gate (WL).

• 9: Backward-facing step (DG).
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Figure 8.3: Longitudinal sections of the geometries used. Dashed lines are velocity-

measurement locations

Velocity profiles (mean and fluctuating), as well as stone entrainment were measured
for these configurations. The bed had a low mobility.

As Jongeling et al. (2003) calculated the flow characteristics of some of these
configurations with a numerical model (cfx) using the k–ε turbulence model, the
suitability of using a rans model for determining stone stability can be evaluated.

Next we briefly describe the data of the different measurements and calculations.

Velocity data

WL. The u and v velocities were measured using a two-component (x,y), forward
scatter, 6 mW laser-doppler velocimeter (ldv). An electro-magnetic flow meter (emf)
was placed above the small measuring volume of the ldv, giving the x and z velocity
components. As the measuring volume of the emf is larger, the fluctuating velocities
were underestimated. Therefore σ(w) was corrected using the ratio between σ(u)
measured by the ldv and the emf. The sampling frequency was 100 Hz.

The velocities were calculated using the commercial cfx 4 package. This uses a
collocated grid and combined Cartesian and σ grid cells. The free surface option was
used for all computations, except for the gate where it did not give stable results.
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The long sill was 5 mm too low, compared to the measurements. In appendix E
the configurations are briefly explained. The ways in which the measurements were
processed or corrected for the present use are briefly described as well. Jongeling
et al. (2003) describe the measurements elaborately.

De Gunst. A rigid lid was put on the water surface. Only the u and v velocity
components were measured, using an ldv similar to the one used by Jongeling et al.
The sampling frequency was 100 Hz. The data were obtained from the graphs in the
report. The velocity was measured at a lower discharge (Qmeas) than the discharge
at which the entrainment was measured (QE). Therefore the mean velocities were
multiplied by the correction factor QE/Qmeas and the turbulence kinetic energy by
Q2

E/Q2
meas.

Stone data

The specifications of the stones that were used during the WL and DG experiments
are given in table 8.1.

The determination of the entrainment rates from the measurements is described
next. First the general approach is discussed, then the peculiarities that were dealt
with for both measurement series.

Research dn50 dn85/dn15 ∆ strip width

[mm] [-] [-] [mm]

WL 6.2 1.51 1.72 100

DG 10.8 1.32 1.70 100

Table 8.1: Stone characteristics of experiments.

Determination of E

In physical models damage to bed protections is usually measured by applying the
stones in the protection layer in transversely oriented strips with uniformly coloured
stones. The stones of a certain colour that leave their strip of origin during a certain
time-span stand out on the differently coloured background and can easily be counted.
A first estimate of the average entrainment rate in a strip, Emeas, is obtained by:

Emeas =
nd3

AT
, (8.17)

where n is the number of stones that have been removed from the strip, A is the area
of the strip, and T is the duration of the measurement.
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These kinds of measurements can be used to obtain the required relation between
the stability parameter Ψtot and the entrainment parameter ΦE. As the mobility of the
bed and the hydrodynamic load both change in the flow direction, one configuration
with several strips thus yields several measurements of the required relation.

However, the local entrainment rate is not determined exactly from these measure-
ments, as some entrained stones will deposit in their strip of origin. This will lead
to an underestimation – that turns out to be significant – of the entrainment rate.
This underestimation should be corrected for in order to end up with a quantity that
can be compared between different investigations. In appendix D a method is derived
which can be used for this. Input to the method is the probability distribution of the
displacement lengths of the stones. Using this method for the DG data, where also
the displacement lengths were measured, a corrected entrainment of Etot = 1.93Emeas

is found for the DG data. Assuming that the displacement lengths scale with d gives
a correction for the WL data – where the strips were wider compared to the stone
diameter – of Etot = 2.83Emeas. These corrected entrainment rates are used in this
chapter. At places where the entrainment rate was low the entrainment rate was
averaged over a number of adjacent strips in order to reduce the measurement error.
See appendix E for more details of the measurements.

WL. For the cases (see figure 8.3) of the gate (8), increased turbulence (5–6), and
uniform flow configurations (1–3) the total number of entrained stones was measured
at several times. The entrainment in the first period was a few times larger than
in the periods afterwards. This indicates that water-working occurred in this period
(see chapter 3). The real ‘strength’ of the bed protection can only be evaluated after
water-working. Therefore the data of the first period were not used in the cases
where water-working was observed. For the other configurations the total number of
entrained stones was measured only once. Here this total is simply used.

The number of displaced stones was measured three times for the gate config-
uration (8). At certain strips, the total amount of entrained stones had decreased
significantly compared to the previous periods. This can be explained by the way
that E was determined. The strips with stones had seven different colours that were
repeated. The entrainment was determined by attributing the displaced stones of a
certain colour to the first strip upstream of that colour. This means that if stones pass
the following strip with the same colour, this can lead to a decrease in the observed
number of stones that has been entrained from the original strip. Therefore the last
measurement for the gate configuration was omitted.

Also the difference E-D was measured (denoted as the number of stones per strip
per measurement) for all configurations. As every stone that is entrained must deposit
somewhere, the integral

∫∞
0 (E-D) dx must become zero. For an unknown reason

this was not the case for the long sill, the number of deposited stones was roughly
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6% higher than the number of entrained stones. As the results did seem realistic
otherwise, the measured E was used nevertheless.

De Gunst. Although the report is not very clear on this, DG probably tabulated
the number of stones that arrived in a strip. Therefore the entrainment rate had to
be estimated by assuming a fixed displacement length distribution for the displaced
stones, viz. 80% of the stones displaces over a distance of one strip and 20% over a
distance of two strips, based on the observed displacement lengths.

8.5.2 Comparing measured and calculated flow fields

Some of the calculated flow fields are compared to the measurements.
The uniform-flow field was calculated well by the cfx program. The vertical

profiles of both the measured u and k, eqs. (2.1) and (2.2), and the calculated values
were very similar (not shown). Some deviations are present in the measured profiles
due to the side-wall influence. We now focus on the ability of the model to calculate
the non-uniform flow fields.

Figures 8.4 to 8.6 depict the calculated and measured profiles of u and k for the
long sill (case 4), gate (case 8), and short sill (case 7) as examples of the results of
the k–ε model. Also the calculated length scales Lε are compared to two estimates
of the integral length scale Lx from measurements [see eq. (8.13)]: one uses uc=u(y)
(third panel in the figures), and one uses uc=〈u〉h (bottom panels).

Long sill: Figure 8.4 shows the flow profiles for the long sill. The mean flow is
calculated well, the turbulence intensity is reproduced reasonably. The turbulence
intensity in the mixing layer is underestimated, and the maximum is situated too
low. This leads to errors of the local ‘maximum’ velocity, u + 6

√
k, of roughly ±30%,

see figure 8.7. A value of α=6 is used, obtained from Jongeling et al. (2003). The
circles in this figure denote the positions of the measurements 1 m downstream of
the sill and below the level of the sill crest. The diamonds show a comparison of the
maximum values per longitudinal location, in order to see whether, besides a shift of
the maximum value, also the magnitude of the vertical maximum is underpredicted
by the calculation. It can be seen that the underestimation of the values cannot be
explained completely by the shift of the maximum, but the underestimation of the
maximum is less than when the velocity is compared at fixed locations.
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Figure 8.4: Profiles of calculated (lines) and measured (dots) flow parameters over the long

sill. The lower two panels show the length scales determined from the calculations

(Lε, dots) and from the measurements (Lx, lines).

Gate: Figure 8.5 shows the flow profiles for the gate configuration. The mean flow is
simulated reasonably, although the mixing layer widens more quickly than measured.
The turbulence intensity is not calculated very well. The origin of this error lies just
upstream of the gate (not visible in figure 8.5). This is an acceleration area with almost
potential-flow-like behaviour, so no turbulence production is expected here. However,
in the acceleration area a high production of turbulence is calculated. Therefore, at
the first measurement transect the turbulence profile is already completely wrong.
This leads to an overestimation of the local ‘maximum’ velocity by more than 100%,
see figure 8.7. This problem might be solved by applying a different grid upstream
of the gate. The circles in figure 8.7 denote the measurement locations at positions
where y<0.15 m and x<1.3 m. The diamonds denote the measurement locations
where y>0.15 m and x<2 m.
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Figure 8.5: Profiles of calculated (lines) and measured (dots) flow parameters at gate. The

lower two panels show the length scales determined from the calculations (Lε,

dots) and from the measurements (Lx, lines).

Short sill: This simulation gives very good results (figure 8.6), both of the mean
flow and of the turbulence intensity. This leads to values of the local ‘maximum’
velocity with an error within ±10%, see figure 8.7. The overestimated values with
the circles are the lowest points of the transects on the sill, and are probably caused
by the boundary condition. The underestimated values with the squares are in the
deceleration area downstream of the sill.

Length scales: The calculated (Lε) and measured (Lx) length scales are presented
in the lower two panels of figures 8.4 to 8.6. The calculated length scale is equal in
both panels, the measured length scale is determined in two manners, as indicated
on the graphs (see section 8.4.2). The measured and calculated length scales do not
coincide well for all configurations. The two length scales should be proportional to
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Figure 8.6: Profiles of calculated (lines) and measured (dots) flow parameters over the short

sill. The lower two panels show the length scales determined from the calculations

(Lε, dots) and from the measurements (Lx, lines).

each other, but the vertical profiles do not have the same shape. The measured and
calculated length scales agree reasonably only for the long sill, when using the depth-
averaged velocity as the convection velocity in eq. 8.13 (see lowest panel in figure 8.4).
Hence Lε is not used in the formulation of the new stability parameter.
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Figure 8.8: Measured entrainment under uniform flow (WL) as a function of Ψ.

8.5.3 Entrainment under uniform flow

First the entrainment curve from the uniform flow experiments (WL) will be estab-
lished. The entrainment rate E was determined for all strips as explained previously
and corrected following appendix D. In order to get a reliable estimate of E all these
rates had to be averaged over a number of strips (this is possible as the flow is nearly
uniform). For the experiment with h=25 cm the average entrainment was determined
over the first and the last 28 strips. For the other two uniform-flow experiments E

was averaged over all 56 strips, as E was lower. The shear stresses1 for the first
experiment were obtained from the cfx calculations. The shear stresses for the other
two measurements were obtained from the integrated log-law – eq. (2.1) – and the
measured Q. The resulting E – shown in its dimensionless form in figure 8.8 – has a
strong dependence on Ψ, comparable to the Paintal curve, eq. (2.18), for the sediment
transport rate.

In figure 8.9 the entrainment parameter is evaluated against the measured values of
the various stability parameters Ψ, ΨWL, and ΨLm. The position at the downstream
end of the long sill is added in the comparison, as the flow there is nearly uniform as
well. The shear stress (needed to evaluate Ψ) was determined using the point closest
to the bed and the law-of-the-wall. It can be seen that the entrainment parameter is
correlated to all three stability parameters in a similar way for uniform flow. Only the

1The flow velocity is slightly increasing due to the horizontal bed, therefore multiple ‘measure-

ments’ can be obtained from one uniform flow configuration.
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Figure 8.9: Measured entrainment under uniform flow (WL, cases 1–3) as a function of Ψ,

ΨWL, and ΨLm. A thicker circle denotes a larger h. The square marker indicates

the flow on the long sill (case 4).

absolute value of the parameters is different due to the different implementation of the
velocities in the different stability parameters. It appears that all stability parameters
describe entrainment (and hence damage) of stones well for uniform flow – at least
for the present range of the relative depth, h/d that was used. An examination of the
influence of h/d is given next.

8.5.4 Entrainment under non-uniform flow

As the calculated velocity and turbulence kinetic energy are only accurate for some
cases, and are not available for all cases, we will use the ΨWL or ΨLm based on
measured flow properties for comparison to observed values of ΦE for the various
(non-uniform) flows. This will show which stability parameter is suited best for the
prediction of entrainment of bed material, and hence damage to bed protections.

First, for reference, the plot of the Shields parameter, Ψ, against the entrainment
parameter for all cases is shown in figure 8.10. The shear stress was evaluated using
the first velocity point near the bed and the law-of-the-wall. Note the wide range of Ψ
values, down to extremely low values (10−5) for which no motion would be expected
in uniform flow. It is clear that no correlation exists between the two parameters.
As the points with a high turbulence intensity give a large entrainment, but have a
low mean shear stress, we can see a large number of points with a high ΦE and a
low Ψ. Clearly there is no sensible relation between Ψ and ΦE for this variety of flow
conditions.

Next we consider the possible relation between ΨWL and ΦE, the top plot in
figure 8.11. These variables are correlated, although still a large amount of scatter is
present. The points with markers which have a (partly) circular shape can be regarded
to represent rather uniform flow cases (i.e. the flow on the long sill and far away from
the disturbance is regarded as almost uniform), although some cases are still slightly
non-uniform. It is clear that these points give a reasonable power law. The points of
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Figure 8.10: Measured ΦE versus the measured Ψ for a variety of flow conditions. For legend

see next figure. The markers with arrows have ΦE=0.

the flow downstream of the long sill and just downstream of the large stones in the
increased turbulence case are still on the high side of the curve. In these cases the
entrainment increases for decreasing ΨWL. This indicates that the turbulence is still
not incorporated very well.

Finally the outcome of the new method is shown in the bottom panel of figure
8.11. A few values for α were tried, but α=6 yielded the best collapse of data. Note
that no further fit coefficients are used in the determination of the maximum velocity
used to predict the damage. It can be seen that the points with high turbulence
intensity that were relatively far on the left side of the data cloud in the top panel
are now situated more in the neighbourhood of the other points, although the scatter
is still considerable.

Is seems that the new way of determining the qsf is slightly better than the WL-
method. It also turns out that the DG data (bfs, case 9), which were also meant
to be representative of ‘initiation of movement’, actually had a larger entrainment
parameter. This shows that using a subjective definition of initiation of movement will
not yield consistent design criteria. As the correction of the entrainment rate is derived
for uniform flow, the estimated entrainment rate might be slightly different. However,
without correction the relative difference between the DG and WL entrainment rates
would even be larger.

A tentative power law has been drawn more or less as an upper envelope of the
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Figure 8.11: Top: measured ΦE versus the measured ΨWL for a variety of flow conditions.

Bottom: measured ΦE versus the measured ΨLm for the same flow conditions.
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data points for the new stability parameter in figure 8.11:

ΦE = ΦE,0 (ΨLm − ΨLm,c)
p
, for ΨLm,c < ΨLm < 7 , (8.18)

with

ΦE,0 ≈ 5 · 10−8 ,

ΨLm,c ≈ 1.2 ,

p ≈ 2 .

The coefficient ΦE,0, the threshold value ΨLm,c, and the exponent p represent a con-
servative fit through the present data. As they have no clear physical meaning they
cannot be used outside the present range of ΨLm. Still this gives the required relation
between a stability parameter (including turbulence effects) and the entrainment rate.
This can be used for the (preliminary) design of bed protections. Further validation
of the technique and the values is still advised.

8.6 Evaluation of new approach

The measured values of ΨLm and ΦE show a clear correlation, although the scatter is
still large.

A plot of the calculated ΨLm and the measured ΦE is given in figure 8.12. It shows
that the calculated values of ΨLm are still correlated to ΦE. The scatter has obviously
increased compared to figure 8.11 (bottom plot) and is larger than the range of ΨLm

over which ΦE rises.
In section 8.5.2 some calculations of the ‘maximum velocity’ u + α

√
k were eval-

uated. The best computation gave local ‘maximum velocities’ that differed less than
ten percent from the measured ones. This means that – with inclusions of the uncer-
tainty in the ratio σ(u)/

√
k – the best model results will yield results with an accuracy

of roughly 15%. This is equivalent to an accuracy in the stability parameter of about
30%.

Despite the enhanced scatter in the relation between ΨLm and ΦE in figure 8.12,
due to shortcomings of the applied computational models, it is believed that the cal-
culations – if properly executed – can be used to obtain a fair estimate of the stability
of a bed protection. This stability can for instance be plotted as the safety factor
ΨLm,c/ΨLm(x, y), which will have to be sufficiently larger than one at all positions on
the bed protection. It will thus be possible to obtain an estimate of the location, size
and shape of possibly damaged areas. The exact location cannot be determined, as
the size of a mixing layer is not always predicted well.
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Figure 8.12: Measured ΦE versus the calculated ΨLm for a range of flow conditions.

This kind of information can also be used to predict a stone size that will be stable,
doptimum, using a safety factor γ.

doptimum = γ
ΨLm

ΨLm,c
ddesign

where ddesign is the diameter of the top layer of stone in the (preliminary) design.
Based on the accuracy of the computational models, the safety factor has to be at
least about 1.5. Note that if the stone size is changed, the calculation should be
executed again, as a new stone diameter will also change the flow pattern. Jongeling
et al. (2003) state that one iteration is sufficient.

When we further regard the steep slope of the entrainment curve then we must
come to the conclusion that the ‘gradual damage’ approach using eq. (8.4) is not yet
feasible. The approach using the transport rate of the stones in eq. (2.15) will be even
less feasible, as it incorporates the displacement of the stones, which introduces even
more uncertainty in the process.

If the calculation accuracy increases, however, the gradual stability approach can
be applied with increasing reliability. Care must be taken with the implementation
of the grid and the boundary values of the computational model.

8.6.1 Influence of the relative depth

For uniform flows, the present model and the WL model give different results than
the Shields approach for a changing relative depth. This is discussed in this section.
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Figure 8.13: ΨWL (left) and ΨLm (right) for uniform flow at critical conditions (Ψc=0.03,

ΨWL,c=8, ΨWL,c=1.2), as a function of h/y0.

The WL parameter ΨWL can be evaluated analytically. Standard expressions for
u and σ(u) [eqs. (2.1) and (2.2)] are substituted in the expression for ΨWL, eq. (2.32),
using y0=d/15. When switching the order of averaging and squaring2 the following
ratio for the WL parameter and the Shields parameter can be obtained:

ΨWL

Ψ
≈
(

1
κ

[
ln (0.2

h

y0
+ 75) − 1

]
− 2.2α

1
0.2 + 75 y0

h

[
e−(0.2+75

y0
h ) − 1

])2

. (8.19)

It turns out that this ratio is a function of the relative depth, h/y0. For a realistic
range of values of h/y0=102–104, it increases by a factor of about 2.5. Using eq.
(8.19) it is possible to see which value of the WL stability parameter corresponds to
the critical value of the Shields parameter, as a function of h/y0. This is plotted in
figure 8.13 for a value of Ψc of 0.03. It can be seen that ΨWL corresponding to Ψc

is higher than the critical limit of ΨWL,c=8, proposed by WL. This means that the
WL method offers a conservative approach for uniform flow, especially for large water
depths (low relative roughness).

The ratio of the newly proposed stability parameter ΨLm to the Shields parameter
was analysed as well, be it numerically. This ratio shows a very similar trend as the
ratio ΨWL/Ψ, see figure 8.13. So in this respect the WL approach and the present
approach are comparable.

It is generally accepted that the critical Shields parameter remains constant for
particle Reynolds numbers, Re∗, that are larger than a certain value (≈ 500). How-
ever, the present (and WL) model predicts an influence of the relative depth h/d

on the critical shear stress for Re∗ � 500. Therefore it seems that the stability
2This gives a negligible difference for the uniform-flow case and enables analytical integration.
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Figure 8.14: Influence of relative depth or global Reynolds number on near-bed turbulence

intensity.

parameters are not correct for uniform flows. Note however that the usual assump-
tion that the critical Shields parameter is constant for very high Re∗ has not been
proven empirically yet. Empirical evidence of these quantities is scarce and imprecise
(Buffington & Montgomery, 1997). Furthermore, the critical Shields parameter is
notoriously difficult to determine and its value is influenced by the method of deter-
mination (Buffington & Montgomery, 1997).

The influence of the relative depth on the new models can be explained as follows.
We regard a uniform flow. We slowly increase the water depth, maintaining a constant
shear stress by increasing the discharge. In this situation the Shields parameter is
constant. As the shear stress remains equal, the velocity profile near the bed remains
the same (law of the wall). However, the profile is extended towards the new water
surface. This means that the maximum and bulk mean velocity of the flow increase,
see figure 8.14. When fluid with high velocity originating from near the water surface
is transported to the bed by large-scale turbulence, then the maximum occurring
velocity magnitudes near the bed might increase.

The effect of the relative depth is caused by the fact that the value of the turbulence
intensity is scaled by the relative depth according to eq. (2.2) (see figure 8.14). Hence
at a fixed relative distance from the bed (scaled by d) the magnitude of the fluctuating
velocity increases for increasing depth. There is empirical evidence corroborating the
above. Examinations of smooth wall flows show an increasing near-bed streamwise
turbulence intensity with an increasing global Reynolds number Re (DeGraaff &
Eaton, 2000; Jiménez et al., 2004), which is due to extra large-scale velocity modes
that appear in the flow. Note that Re = Re∗ h

d
U
u∗

and that U
u∗

is an increasing function
of h

d . Therefore an increasing h
d is equivalent to an increasing Re at a fixed Re∗.
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The above is valid when the flow and the turbulence have adjusted to the rough-
ness of the bed protection (i.e. developed turbulence). This occurs after a length of at
least 30 water depths. Consequently this will hardly ever be the case for real bed pro-
tections, which usually have limited dimensions. Here usually the case of a roughness
transition occurs. However, many prototype applications do have a relative depth
that is much larger than the largest relative depth that can be realised in a flume.
For instance, typical dimensions of an estuary are a velocity of 1 m/s and a depth
of 20 m. When gravel of about 5 cm would be applied here, this yields h/d=400,
compared to a typical h/d=40 for flume situations. Therefore, although the uniform
flow problem as described above is not expected to occur in reality, an influence of
the relative depth could occur. Whether the newly proposed model is correct should
therefore be checked at prototype scale as well.

8.7 Conclusions

A method for evaluating the stability of bed protections under non-uniform flows (i.e.
near structures) based on output of a 3D rans model has been formulated. The
profiles of the mean velocity and turbulence kinetic energy in the water column above
the bed are used to formulate a local stability parameter [eq. (8.16)], which basically
is a Shields parameter, adapted to account for turbulence of varying relative intensity.

The entrainment rate is used as a measure of damage. The entrainment can be
made dimensionless in an entrainment parameter [eq. (2.20)] which can be used to
compare different investigations. It can be determined from conventional measure-
ments (using coloured strips) when a correction is made for the transport within a
strip (a method for this is presented in appendix D), and the increased entrainment
rate during the initial water-working of the bed is not incorporated in the measure-
ment.

The measured values of the new stability parameter are correlated to the entrain-
ment parameter. This indicates that the stability represents the flow attack to the bed.
A tentative relation between the stability parameter and the entrainment parameter
is given by eq. (8.18). The existing stability parameter ΨWL was also correlated to
the entrainment parameter with slightly more scatter, while the conventional Shields
parameter could not predict the entrainment rate at all.

The stability parameter was calculated reasonably well by the cfx model for
some configurations, but care must be taken when using output of the model. The
implementation of aspects like the grid and boundary value set-up is very important.

The relatively large influence of the turbulence (high value of α) in the stability
parameter – which is based on the quasi-steady force mechanism – indicates that a
different force generating mechanism (turbulence wall pressures) may be aiding in the
entrainment of stones.
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Chapter 9

Conclusions and

Recommendations

Turbulent stationary flows over granular bed protections are considered. These bed
protections are defined as hydraulically rough granular beds under non-uniform flow
with a low mobility of the stones in the bed. Turbulence is a key factor in this flow
regime, as in this regime only turbulence-generated extreme forces can dislodge stones
from the bed. The physical concepts that are generally used for the evaluation of the
influence of turbulence on stability of bed material, derived for uniform flows, are
often only qualitatively or partially true if applied to non-uniform flows. A number
of frequently used concepts is examined regarding the origin of the fluctuating forces
on the stones and the manner in which the stones are entrained. To this end two
measurement series were carried out, and calculations were executed with a numerical
discrete particle model. Additionally, existing measurements of stone displacements
under various non-uniform flows were analysed, and used to calibrate a new stability
model.

9.1 Conclusions

Stone positions

From a comparison of several sources in literature it can be concluded that of the
geometric factors that determine the stability of an individual stone – given the typical
characteristics of a bed protection – the orientation of the stone influences its stability
the most. The orientation has a larger influence on the stability of the individual stone
than its vertical position, size, or shape.

165
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When large flow velocities are applied for the first time to a bed protection some
loose stones will always move. Other stones rock until they have a more stable ori-
entation. Most displacing stones roll from their pocket in a pivoting motion, some
slide from their place. This process is called water-working. It can be stated that a
water-worked bed obtains its intrinsic strength.

From calculations with a Discrete Particle Model (dpm) we can conclude that
the way in which the stones were dumped – if random – together with the collision
and hydraulic parameters do not significantly influence the bed configuration of the
water-worked bed. Furthermore, even in a randomly deposited bed there exists a
fixed value of the critical hydraulic load for the most unstable stone. For the ideal
bed formed with equally sized spheres, the maximum protrusion of a stone is 0.82d

above the mean of all bed elevations.

Force origins

The model that is most widely used for predicting the forces on the stones on the bed is
that the (drag and lift) forces on a stone are proportional to the near-bed streamwise
velocity squared. These are called quasi-steady forces (qsf), as the instantaneous
forces are generated by the same mechanism as in a steady flow. From literature it
follows that ‘near-bed’ is best represented by 0.15d above the top of the stone under
consideration. The quasi-steady drag force on a shielded stone is also dependent on
the vertical velocity. This can be understood by the fact that a changed angle of
attack changes the exposed area of the stone.

A second mechanism that was identified was the influence of turbulence wall pres-
sures (twp). Whereas the qsf are a consequence of the streamline curvature that is
induced by the protruding particle itself, the twp are also present on smooth walls.
These fluctuating pressures are caused by the streamline curvature induced by the
turbulence (vortices). The difference between the two force mechanisms is illustrated
by the fact that if a spanwise vortex (with vorticity of the same sign as the mean
shear) is advected over a stone, the twp-induced drag and lift force can be increased,
while the near-bed velocity is decreased.

The drag force on very exposed stones is predicted very well by the quasi-steady
mechanism. The intensity of these quasi-steady drag forces is mainly governed by
large-scale flow structures. The probability density of the instantaneous values of
these quasi-steady drag forces is well schematised by eq. (5.3) for any value of the
relative turbulence intensity.

When the exposure of the stone decreases, the drag force fluctuations cannot be
explained solely by the quasi-steady forces anymore. The twp begin to influence the
variance of the force.

The value of the ‘instantaneous Reynolds stress’ near the bed, −u′v′(t), has not
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been seen to have any direct importance to the stability of the stones or the value of
the instantaneous bed shear stress.

The instantaneous lift force is not predicted well by the quasi-steady mechanism
for any of the exposures measured. Lift force fluctuations generally have higher fre-
quencies than those of the drag force. They can have several origins: the influence of
turbulence wall pressures that are caused by passing vortices, vortex shedding from
the stone itself, and the quasi-steady mechanism.

The lift force is also influenced considerably by the spatially varying flow direction
near the rough bed (Schmeeckle & Nelson, 2003). This influence was not investigated
in the present set-up.

Near the reattachment point downstream of a backward-facing step the main
source of (the variance of the) fluctuating forces on the stones – both drag and lift –
are the twp. The extreme positive drag forces, however, are probably still caused by
the quasi-steady mechanism.

Flow structures and stone movement

Piv measurements were used to obtain the characteristics of the flow structures that
move a stone. For both flow conditions measured (a uniform flow and flow at the
reattachment point of a backward-facing step) the stone was most often moved by an
exceptional combination of two normal flow structures, at least one of which had an
exceptionally high magnitude. The first structure is a large-scale sweep motion, the
second is an intense vortex or vortex package. The latter structure was sometimes
embedded in the former. Although both the shape of the large-scale sweep and the
origin of the small-scale vortex differ between the two flow conditions, this kind of
combination is observed in both configurations (uniform and bfs flow).

The large-scale areas with increased streamwise velocity generally have a down-
ward velocity (i.e. sweeps or Q4 events). They cause increased (drag) forces via the
qsf mechanism. In the uniform-flow case these areas extend vertically over about
two thirds of the water depth, are typically 2h to 4h long and have a width exceeding
0.5h. Near the reattachment point behind the bfs these sweeps are smaller and occur
quasi-periodically due to the separation of large-scale eddies from the recirculation
region. The small-scale vortices cause a lift force via the twp mechanism. In the
uniform flow case the small-scale vortices probably originate from the bed elements
upstream, while in the bfs flow they probably originate from the mixing layer that is
present between the recirculation region and the main flow.

A lift force caused by twp and a quasi-steady drag force can cooperate to dislodge
the stone from the bed. Initially the stone does not protrude far into the flow, so the
qsf are still weak. Hence the lift force is often important for the initial movement
of the particle. Even if the lift force has a short duration, the exposed area of the
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particle can have increased, and its angle of repose can have decreased. An increased
streamwise velocity following this lift force is therefore more likely to roll the stone
out of its pocket.

When regarding the individual movement events for different stones, the increased
streamwise velocity at the time of movement is present more often than the small-
scale cause of twp. Therefore the qsf can be considered as more important. However
they do not completely govern the entrainment of a stone.

Stability model of bed protections in practical applications

A stability parameter has been formulated that can be used to obtain an estimate of
the flow attack on a bed protection [eq. (8.16)], using output of a Reynolds-averaged
flow model (that yields u and k). The entrainment was chosen as a suitable indicator
of the local bed response to the flow attack. The stability parameter is correlated
to the entrainment parameter for various non-uniform flows. Therefore it describes
the hydraulic load. The (dimensionless) entrainment as a function of this stability
parameter is given in eq. (8.18).

The influence of the turbulence in the new stability parameter is high, compared
to the influence of the mean flow. This indicates that the twp are indirectly taken
into account.

The entrainment is an objective criterion for damage level that can be compared
between investigations.

The model is meant for bed protections that are attacked by flow. It is not suited
for waves. It can be used to evaluate the stability of (designs of) bed protections
under complex flows, like foundations of caissons, pipeline covers, bed protections
downstream of weirs, etc. Besides determining the stability of a design, the model
can be used to obtain an estimate of the optimal stone size to be used as a function
of the horizontal position on the bed protection. To this end the optimum stone size
then has to be determined iteratively.

9.2 Recommendations

In this section recommendations are given for further experimental work, more ad-
vanced modelling of bed stability, and the design of bed protections.

9.2.1 Experimental research

• Stability of bed protections should also be examined at prototype scales. There
are indications that aspects like a large relative depth or Re∗ influence the
stability.
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• The ΨLm–ΦE curve, eq. (8.18), should be validated using other measurements
with different flow conditions, stone sizes, and strip widths.

• Useful new areas for in-depth (i.e. stone-scale) experiments are the stability of
stones under turbulent jets caused by ship’s propellers, and of stones under
waves.

• piv measurements in different planes (x–z, or z–y) will help in visualising the
flow structures that move stones. If recordings are made in the x–z plane just
above the bed, it is possible to obtain the movement of the bed material from
the piv recordings, besides the flow field.

• The following recommendations can be made regarding the execution of exper-
iments on (bulk) stone stability.

– A bed should be water-worked prior to the real test to remove the loose
stones, that do not determine the strength of the bed. A bed is water-
worked when a certain number of stones (per unit of bed area) have moved,
not when flow has been applied for a certain time.

– If the entrainment rate is measured by using coloured strips with stones,
and counting the number of stones of a certain colour downstream of their
strip of origin, then the entrainment rate should be corrected using a tech-
nique such as the one presented in appendix D.

– The strip width determines the resolution of the stone stability measure-
ment. If the flow varies rapidly in space then the resolution of the bed
stability measurement should be increased by decreasing the strip width.
If not enough stones move in this case, then it automatically follows that
the experiment has to be repeated more often to get the same accuracy for
the ensemble-averaged results.

9.2.2 Modelling

• The pressure gradients associated with a stationary acceleration of the flow and
the acceleration due to waves should ultimately be used as extra forces in the
stability parameter. These accelerations were not significant in the data set
used presently (in chapter 8).

• The effects of the fluctuating accelerations (twp) should be added in the sta-
bility parameter as an extra force. To this end a good model should be found
for the small-scale pressures on the bed. These are governed by the near-bed k,
ε, and du/dy.
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• A probabilistic approach should be used to obtain a better description of dam-
age to bed protections. Some aspects, like the pdf of the quasi-steady forces
[eq. (5.3)] and the protrusion distribution of the ideal bed (figure 3.4) can be
used in an entrainment formulation like eq. (2.24). More information, like an
estimate of the time-scale of the turbulence fluctuations is also required for this.

• If the precision of the entrainment function will be increased by further calibra-
tion, it should also be used to estimate the cumulative damage over time. If
the temporal development of damage over time can be described with a higher
accuracy than presently possible, this will help with making decisions regarding
maintenance frequency and lifetime analysis of hydraulic structures.

• The use of the bed-load transport of stones in a gradual stability approach is
in principle possible, but should not be pursued until an accurate prediction of
the entrainment rate – the first step of the transport process – is possible.

9.2.3 Design of bed protections in practice

• The approach developed in chapter 8 can be used to obtain estimates of the
stability of bed protections and the expected size of the area with a large hy-
draulic attack (large ΨLm). The stability parameter ΨLm can be determined
in a postprocessing step of a numerical calculation with a 3D, non-hydrostatic
Reynolds-averaged Navier-Stokes flow model (e.g. with k–ε closure). Examples
of such computational models are Fluent, Phoenix, cfx, or Delft-3D with a
non-hydrostatic flow correction.

• When designing a bed protection a low value of the entrainment parameter can
be subjectively chosen to be ‘critical’, and this can be translated to a critical
value for ΨLm using eq. (8.18).

• Care must be taken when using the cfd models. Items like grid set-up and
boundary conditions are crucial to a reasonable outcome.

• Some stones will always be lost from dumped bed protections after an initial
load on the stone layer.
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Roman symbols

a acceleration, or
distance of vortex from wall (chapter 6)

A area
B width (of flume)
c damping coefficient

cf friction factor ≡ u2
∗/ 〈u〉2h

CB bulk quasi-steady force coefficient
CD drag coefficient

CD,∗ CD based on shear velocity
CD,0.15 CD based on velocity 0.15d above stone

CD,0 CD based on velocity at the height of the stone centre
CL lift coefficient
Cm added mass coefficient

d particle, stone or sphere diameter
dn nominal stone diameter ≡ 3

√
V

dn50 nominal diameter exceeded by 50% of stones (weight)
D drag force indicator (≡ p1 − p3), or

deposition rate (chapter 8)
e exposure (stone height compared to local upstream bed level)

E entrainment rate
Emeas measured entrainment rate, without correction
fmov movement frequency

FA force indicator obtained from piv image
FD drag force

Fcontact contact force during collisions
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174 List of Symbols

FG gravitational force
FL lift force

Fmax (estimate of) maximum occurring force
Fr Froude number ≡ U/

√
gh

g gravitational acceleration
Gii power spectral density of signal i

Gij cross spectral density of signals i and j

hs step height
h water depth
k spring constant, or

turbulence kinetic energy, or
wave number

K kurtosis, or
transfer function

|K| gain function
L lift force indicator (≡ −p2), or

displacement length
LH horizontal length scale of large-scale turbulence
Lm Bakhmetev mixing length
Lx turbulence length scale determined from autocorrelation
Ly vertical turbulence length scale
Lε dissipation length scale
n an integer number
N an integer number
p pressure, or

probability density
p1 pressure signal measured on the upstream face of cube
p2 pressure signal measured on the top face of cube
p3 pressure signal measured on the downstream face of cube
P probability
qs sediment transport rate
Q discharge
R radius

Re Reynolds number ≡ Uh/ν (or Uδ/ν, or ≡ Ud/ν)
Re∗ particle Reynolds number ≡ u∗dn/ν
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S skewness
t time

T period, time-scale or duration
Tp pick-up duration
u streamwise velocity

u0 average velocity on step
u∗ shear velocity ≡√τb/ρ

ub near-bed streamwise velocity
ub,max (estimate of) maximum near-bed streamwise velocity

uc convection velocity
U cross-sectional average of streamwise velocity
v upward velocity

vb near-bed upward velocity
vp velocity of stone/particle
V volume (of stone)
w transverse velocity
x coordinate in direction of flow

or, stochastic variable with a χ2-distribution
xr reattachment length
y vertical coordinate

a normally distributed stochastic variable
y0 roughness length
yb bed elevation
z transverse coordinate

Greek symbols

α empirical constant (various uses)
γ relative distance from bed y/h, or

safety factor
γ2
ij coherence between signals i and j

Γ standard gamma function
δ non-centrality parameter (≡ u/σ(u)), or

boundary layer thickness
∆ specific submerged density of stone (≡ ρs/ρ − 1)
ε porosity
ε turbulence dissipation
θ phase shift

or, angle
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176 List of Symbols

κ Von Karman constant
λ wave length

λ2
ci swirling strength
ν kinematic viscosity
Π protrusion of particle above mean bed level
ρ density of water

ρs density of stone
ρDL correlation between drag and lift (indicators)
ρ∆x normalised covariance of bed elevations

ρ12(Loverlap) area-based correlation between 2 piv recordings
ρ12 area-based correlation between piv recording and splice

σ(x) standard deviation of x

τ shear stress, or
time lag

τb bed shear stress
τc critical bed shear stress
φ pivoting angle
Φ transport parameter

ΦE entrainment parameter
Ψ Shields parameter (≡ u2

∗/∆gd)
Ψc critical Shields parameter

ΨLm,c threshold value for ΨLm

ΨLm stability parameter using Bakhmetev mixing length
Ψtot general form of stability parameter
ΨWL stability parameter developed at WL|Delft Hydraulics

ΨWL,c critical value of ΨWL

ω angular frequency

Mathematics

|x| absolute value of
�x x is a vector

min(x) minimal value of all elements of x

max(x) maximal value of all elements of x

x temporal average of x

< x > spatial average of x

x′ fluctuating part of x around x

x̂ amplitude
x̃ dimensionless form, or
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horizontal projection (ch. 8)
≡ defined as
∝ proportional to
≈ approximately equal to
D
D material derivative
∂
∂ partial derivative
d
d derivative∫

integral

± plus or minus
f(x) unspecified function of x

∆x difference between two values of x

Abbreviations

2D two-dimensional
3D three-dimensional
bfs backward-facing step
ccd charge-coupled device
cfd computational fluid dynamics
dns direct numerical simulation
dpm discrete particle model
emf electro-magnetical flow meter
hvp hairpin-vortex package
hvs hairpin-vortex signature
les large eddy simulation
ldv laser-doppler velocimeter
pdf probability density function
piv particle image velocimetry

rans Reynolds-averaged Navier-Stokes
twp turbulence wall pressures
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Appendix A

Techniques for Filtering

Spurious Pressures

A.1 Introduction

The signal of measured turbulence pressures is wide-band and resembles noise. This
makes it difficult to distinguish it from real noise. Therefore a thorough inventory
was made of possible noise sources prior to measuring turbulence pressures, described
in Hofland (2001). The main noise sources are environmental sound and vibration.
Three possible filtering techniques are described here. Furthermore, the application
of the filters is checked against measurements as well as on an artificially generated
signal. One filter is also analysed analytically, as its description in literature was
not entirely correct. The notation of Bendat & Piersol (1971) is mainly used for the
analysis of the filters

A.2 High-pass filtering

A simple way of eliminating noise is to ensure that possible noise is present in another
frequency range than the signal of interest. When the peaks are in a lower-frequency
range a high-pass filter can simply be used to remove the noise peak. Conversely,
a low-frequency filter can be used when high-frequency noise is present. It is also
possible to obtain a signal in the time domain this way. Figure A.1 presents the
premultiplied (variance preserving) spectrum of a wall pressure measurement on a
smooth-wall open-channel flow. The wall pressure fluctuations are smaller for this flow
than for the case with the bed-mounted cube, so the noise sources are more clear. The
variance in the measured signal is distributed over two separate frequency ranges (0.1–
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Figure A.1: Premultiplied spectrum of measured open-channel, smooth-wall wall pressures.

3 Hz and 3–250 Hz). The high-frequency fluctuations are caused by the turbulence
wall pressures, and the low-frequency fluctuations probably by slightly instationary
standing waves (Hofland, 2001). In this case the low-frequency energy can be cut off
from the signal by a high-pass filter without loss of much of the turbulence signal.
However, some of the signal is lost, so this procedure is not perfect. Especially for
turbulence signals, which are wide band signals, this approach is often not possible.

A.3 Difference filter

A filter that is often used in measurements of wall pressures is the difference tech-
nique. It is suited for removing spurious pressures caused by structural and acoustical
vibrations. An experimental set-up with two pressure sensors, mounted flush with the
wall, having the same longitudinal position (in the direction of the flow) and a spac-
ing in the lateral direction is used. For this technique it is required that the pressure
signals, si, consist of a turbulent part, ci, and a vibrational / acoustical part, vi:

s1(t) = v1(t) + c1(t)
s2(t) = v2(t) + c2(t)

(A.1)

The filter is based on the fact that structural and acoustical pressure disturbances
are uniform over relatively large areas, compared to the turbulence pressures. If
the distance between two pressure sensors in a flume is large enough (at least the
water depth), the turbulence pressures will be uncorrelated, while the vibrational /
acoustical pressures can still be approximately equal (v1(t) ≈ v2(t)). When these
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A.3. Difference filter 199

conditions are fulfilled, the two signals can simply be subtracted. This gives:

∆s(t) = s2(t) − s1(t) ≈ c2(t) − c1(t) ⇒ G∆s∆s ≈ Gc1c1(f) + Gc2c2(f) (A.2)

where Gii is the autospectral density of the signal i.
This result can be used as a filter that is able to determine the spectral charac-

teristics if the two turbulence signals are statistically equal, i.e. measured at a similar
position in the flume. In this case it simply follows that 1

2G∆s∆s is equal to the
autospectral density of one turbulence signal. The time trace is only obtained of the
difference in pressures. The time trace of a pressure difference can also directly be
used for examining stone stability, as only a pressure gradient can cause a net force
on a stone.

A problem could occur when using the difference filter for pressure measurements
around a stone. If pressure sensors are placed at various locations around a stone,
instead of at a fixed depth, it is questionable whether a fixed vibration gives the same
pressures at the different sensors, because the water height (∝ accelerated mass ∝
pressure) above the various sensors varies. This will make the difference filter not
totally effective.

f (Hz)

G
p
p

[(
N

/m
2
)2

H
z−

1
]

original signal, Gs1s1

filtered signal, 1
2G∆s∆s

100 101 102
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100

Figure A.2: A power density spectrum of wall pressures, both unfiltered and filtered.

A.3.1 Performance of the filter

The difference filter was shown to be functioning very well for the wall pressures that
were measured. At lower velocities still some wide vibrational / acoustical noise peaks
remained in the spectrum. A sample plot for a measurement with a medium noise-
content is given in figure A.2. The few wide peaks created by vibrational / acoustical
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noise that were visible in the spectrum (around 23 Hz and 95 Hz) can be seen to
be completely attenuated. Also the electronical peaks at 50 and 150 Hz were partly
attenuated. The low frequency noise due to surface waves is also reduced.

A.4 Optimal filter

The optimal filter was described by Naguib et al. (1996). It is based on the same
set-up as the difference filter. Now we call one of the signals the measured signal s,
and the second the reference signal r:

s(t) = vs(t) + cs(t)
r(t) = vr(t) + cr(t)

(A.3)

In order for the filter to work, the noise at both pressure sensors does not have to be
exactly the same, like with the difference filter. It does have to be correlated via a
linear system. In short: γ2

vsvr = 1, where γ2
ij is the coherence function between signals

i and j. The turbulence still has to be uncorrelated: γ2
cscr = 0, but does not need to

have the same spectral density anymore. The filter determines the correlated part of
the two signals, which can be subtracted from the original signal. The method was
reported to be working very well by Naguib et al. (1996), who used a convolution
method in the time domain for calculating the filtered signal. Although this is pos-
sible, it requires greatly increasing computing times for increasing filter lengths. It
is also possible to execute the filter in the frequency domain, which significantly de-
creases the computational time required. The filter function in the frequency domain
reads:

c′s(t) = s(t) −
∫ ∞

−∞
F ′

vse
2πftidf , with F ′

vs = HrsFr (A.4)

where c′s(t) is the filtered turbulence signal, F ′
vs is the Fourier transform of the es-

timated noise component, Hrs is the frequency response function of the two signals,
and Fr is the Fourier transform of reference signal. The power spectrum can also be
filtered directly in the following way:

G′
cs,cs = (1 − γ2

sr)Gss , (A.5)

where G′
ii is the power spectral density of the turbulence signal i and γ2

ij is the coher-
ence function of signals i and j.

A.4.1 Performance of the filter

Equations (A.5) and (A.4) are taken from Bendat & Piersol (1971). The term ‘opti-
mal’ is presented by them, as it is shown by a least-squares procedure that this gives
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the optimal estimation of the signal, in the sense that the integrated square difference
between the real and the filtered signal is minimal. The filter is derived for systems
with two linearly correlated signals with random noise at the output. However, for
our application the correlated part, which is called the ‘signal’ by Bendat & Piersol
(1971), is defined as the (vibrational) noise, and conversely their uncorrelated ‘noise’
part is the turbulence signal we need. Further, there is also uncorrelated turbulence
signal added to the input of the linearly correlated noise. In consequence of this the
filtered turbulence signal c′s is not completely equal to the original signal cs. Below it
is shown that even for a perfect measurement set-up the optimal filter is not perfect.
If we assume the following in order to simplify the analysis of the filter:

Gcscs = Gcrcr = Gcc, and vs = vr ,

equation (A.5) can be rewritten as (Bendat & Piersol, 1980; Naguib et al., 1996):

G′
cc

Gcc
= 1 +

1
1 + SNR

(A.6)

where SNR is the energy-based signal to noise ratio, Gcc/Gvsvs. This equation shows
that there is always a part of the noise left, and that the noise on the signal cannot be
totally attenuated after filtering. Naguib et al. (1996) argue that for decreasing SNR

the relative attenuation of the noise goes to 100%. This is true. However, although
the percentage of noise that is reduced tends to 100% in the limit of SNR → 0, the
overestimation of the turbulence signal also goes to 100%, which is 0.3 decades on a
log scale. Therefore a large noise peak in the original signal will remain present in
the filtered spectrum as a distinct peak. Surprisingly this was not mentioned in the
paper.

The filter described in eq. A.4 was tested on both measurements of wall pressures
and artificial signals, confirming eq. (A.6). Several options are possible to improve
the method. One is to repeat the filter operation on the filtered signal. This in-
creased its performance after the first repetition. Further repetitions did not cause
an improvement, however.

The filter does not work well in consequence of the turbulence at the reference
sensor. Therefore a better estimate of the noise at the reference sensor has to be
obtained. This can be accomplished by averaging n surrounding signals to obtain a
reference signal. Now the non-correlated turbulence part added to the measured noise
will be suppressed. This gives the following estimation of the turbulence signal if the
spectral densities of the turbulence and vibrational parts of all signals are assumed
equal:

G′
cc

Gcc
= 1 +

1
n + SNR

(A.7)
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Figure A.3: Schematised set-up of reference pressure sensor.

This shows that an increase in the number of reference pressure sensors will improve
the performance of the filter. However, a large number of reference pressure sensors
would have to be used.

A.4.2 Implementation

For the present application we found that the best improvement was possible by in-
specting the sources of the noise. We concluded that the main source of spurious
pressures was environmental vibration rather than sound waves. Therefore the pres-
sure sensor did not have to be placed in the flow itself. One sensor was placed in a
cavity filled with water under the bed. Now the reference sensor mainly measured the
vibration, so a complete prediction of the turbulence part of the other sensor could
–in principle– be obtained. The cavity was connected to the main flow by several
small holes in the bed. These holes allowed sound waves and pressures due to long
free-surface waves to reach the pressure sensor, so also these distortions could be fil-
tered from the signal, although it is not clear how well these pressures reached the
sensor. Possible turbulence-induced pressures that might reach the reference sensor
from the different holes will be diminished as predicted by equation (A.7), where n

now is the number of holes. The set-up is illustrated in figure A.3.
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Rolling Stones

This appendix deals with the way in which the target stone had to be placed during
the experiments. The idea was that the stone would be placed on a hinge, thereby
fixing the centre of rotation. This obviously restricts the way in which the stone can
move, but is very convenient for the execution of the experiments. Therefore it had
to be proven that the hinge does not limit the movement of the stone in an unnatural
way.

Three modes of initial movement are found in literature: rolling or pivoting, sliding
and lifting. The critical shear stress for the initiation of rolling is always lower than
that for lifting (Ling, 1995, for instance). Most models based on a balance of forces or
moments on micro scale use the rolling threshold. Carling et al. (1992) investigated
the movement of particles of different shapes and sizes on different roughnesses. They
found that most particles rotated from their pocket on all roughness sizes. Extreme
shapes like a rod and a disc sometimes showed a different behaviour, mostly sliding.
On the roughest bed, some particles were seen to first move to an imbricated position
(like roof-tiles), before being entrained by rolling. On the smallest roughness a cuboid
slid away. However, the bed was unrealistically flat, as even for the roughest bed used
– where the roughness elements were of the same size as the element that moved –
the roughness elements were all placed on a flat plate, giving an unnatural flat bed.

De Gunst (1999) examined the stability of stones downstream of a backward-facing
step and for an equilibrium flow, using video-analysis, and also saw the stones rolling
away. She did notice that, prior to rolling, the stones were lifted slightly from their
pockets. She does not mention at which point this lifting changes into a rotation.
The difference between a slight rotation and a slight lifting is also difficult to notice.

We made some observations of moving stones with ∆ = 0.4. Two typical sequences
of pictures are shown in figure B.1.

We observe the following: First, before movement the stone is sometimes seen

203
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t = 0.00 s t = 0.33 s

t = 3.70 s t = 1.00 s

t = 4.00 s t = 11.63 s

t = 4.12 s t = 11.67 s

t = 4.26 s t = 11.70 s

t = 4.30 s t = 11.73 s

t = 4.33 s t = 11.77 s

t = 4.39 s t = 11.80 s

Figure B.1: Sequences of recordings by digital camera of initial movements of individual

stones (∆ = 0.4) from a granular bed under uniform flow. Each column depicts

another stone movement. Left: the stone sits idle in pocket. It sometimes

rocks a little. The stone is lifted at its upstream side and slowly slides to a

stable position with a higher exposure, until it lies stable for a while. Until the

upstream side of the stone is lifted up again and the stone rolls away. Right:

the stone sits motionless in its pocket, sometimes its side lifts up, but the stone

remains at its position; until it rolls downstream.
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to either slide to an imbricated position or tilt in a direction perpendicular to the
stream. This is seen in the first two pictures at the top left of figure B.1. This was
also noted by Carling et al. (1992). Second, the main mode of movement whereby the
stone is displaced from its pocket is rolling over the stone downstream, which agrees
with the accepted notion in literature that this is the mode of movement. Only when
the rotation in streamwise direction has commenced some rotation over another of
the stone’s axes is sometimes observed.

As most stones are observed to move in a rolling fashion, a hinge with a horizontal
axis perpendicular to the flow will allow the stone to move realistically for the first
part of the rolling motion.
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Appendix C

Pdf of bed shear stress

The instantaneous bed shear stress has been used in the past for modelling the trans-
port of sediments (Grass, 1970; Paintal, 1971; De Ruiter, 1982; Bridge & Bennet,
1992; Van Rijn, 1993; Kleinhans & Van Rijn, 2002). In these models the amount
of sediment transported is hypothesised to be linked to the amount of time that the
shear stress surpasses a critical value. For a rough bed the shear stress consists of the
combined drag forces on the particles in the bed. The pdf for the drag forces can
therefore also be used to describe the probability density of the bed shear stress.

In recent probabilistic sediment transport models a Gaussian shape has been cho-
sen for the instantaneous shear stress distribution (Kleinhans & Van Rijn, 2002, for
example), although a log-normal distribution also has been used in order to include
the observed skewness (Bridge & Bennet, 1992), and other distributions have been
tried (Mosselman et al., 2000). However, it can be expected that the bed shear stress
has the same pdf as the drag forces, which was given by eq. (5.3). This can be ex-
plained by the fact that the shear stress can be regarded as a low-pass filtered drag
force:

τb =
∑
i∈A

FD,i

A
, where d �

√
A � h ,

where FD,i is the drag force on stone i, and A is the area over which the shear stress is
determined. Further, the largest drag forces are created by large-scale flow variations
and forces on the most protruding particles are largest. Hence eq. (5.3) is expected to
represent the pdf of the bed shear stress for a range of relative turbulence intensities.
Moreover, for hydraulically smooth beds the shear stress is proportional to u|u| as
well, as given by the log-law. Therefore we will check eq. (5.3) against shear stress
data from literature.

Direct measurements of shear stresses under smooth-bed channel flow are available
for Reynolds numbers (based on channel width and centreline velocity) of 5,600-6,600
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eq.(5.3), δ=3.5

Obi et al.(1996)

Kim et al.(1987)

Miyagi et al.(2000)
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Figure C.1: Pdf of shear stresses in equilibrium boundary layer. Measured and χ2-

distribution.

(Obi et al., 1996; Kim et al., 1987) and 17,400-35,000 (Miyagi et al., 2000). These
measurements are plotted in figure C.1. The pdf of the DNS computations of Kim
et al. (1987) as taken from Obi et al. (1996) is plotted in the figure as well. Also
eq. (5.3) is depicted. The near-bed σu is larger for smooth beds than for rough beds
(Nezu & Nakagawa, 1993), which would imply that δ will have a lower value. This is
why a value of δ = 3.5 is chosen instead of the δ = 4.1 that we saw in our rough bed
measurements. It can be seen that eq. (5.3) for δ = 3.5 follows the measured points
quite well. The skewed distribution has previously been ascribed to the intermittent
nature of turbulence near the viscous sublayer (Obi et al., 1996). It is clear from the
analysis presented herein that this is not necessarily true. The shear stress distribution
can very well be explained by a normally distributed near-bed u-velocity.
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Estimating entrainment from

conventional stone stability

measurements

D.1 Introduction

The usual way of measuring damage to bed protections is by counting the numbers of
stones that are removed from strips with similarly coloured stones that are oriented
perpendicular to the flow. It is not clear which physical quantity is exactly measured
by this technique. As some stones leave their position and end up within the same
strip, it is not a pure measurement of entrainment. However, as also stones from
other strips pass this strip, it is also not a pure measurement of transport. Normally
an arbitrary number of stones leaving a strip is chosen as ‘beginning of movement’
or ‘damage’. When different (relative) strip sizes are used for different investigations
comparison of these investigations becomes difficult.

When all stones that passed the end of a strip – also the ones with a different
colour – are summed, we obtain a measurement of transport, however, no method is
available yet to obtain a good estimate of the total entrainment. In this appendix a
method is developed for obtaining an estimate of the total entrainment from a certain
strip. For this method the numbers of stones originating from this strip that arrived
in the strips downstream of the strip are needed.
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210 Appendix D. Estimating entrainment from conventional measurements

lxs

strip 0 

xt

nL

strip n 
L

strip 1 

Figure D.1: Stone moving from strip 0 to strip n: definitions.

D.2 Definitions and assumptions

The following assumptions are the basis of the method:

• The probability of a certain displacement length, p(l), is distributed according
to a negative exponential distribution:
p(l) = 1

Λe−l/Λ

where Λ = l. This implies that l is unaltered by the local flow conditions.
This distribution was proposed by Nakagawa & Tsujimoto (1980). From the
measurements of De Boer (1998) and De Gunst (1999) a similar distribution
can be observed.

• Λ ∝ d, i.e. Λ is mainly dependent on the micro-topography of the bed.

• The probability of a certain stone originating from a certain position within a
strip is uniformly distributed.

• Usually a certain number of colours is used repeatedly for the strips. This
causes that stones that displace this number of strips or more are attributed
to the wrong strip. For simplicity we now assume that this effect is negligible.
Otherwise the method will have to be extended.

In figure D.1 the definitions and nomenclature used in the following derivation are
denoted. First we evaluate the chance that a stone originating from strip 0 will end
up in strip n. For this we have to integrate the probability density of the displacement
length, p(l), from l = nL − xs + xt to l = (n + 1)L − xs + xt. We then average the
resulting probability over all possible xs. This leads to the following double integral:

P (0 → n) =
1
L

∫ L

0

∫ L

0

1
Λ

e−
nL−xs+xt

Λ dxtdxs ,
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Figure D.2: Probability of a stone displacing from strip 0 to strip i, as a function of L̃.

which can readily be evaluated:

P (0 → n) =
2
L̃

e−nL̃
(
cosh L̃ − 1

)
, with L̃ =

L

Λ
. (D.1)

A similar integral can be formulated for the chance that a stone will remain in strip
0:

P (0 → 0) =
1
L

∫ L

0

∫ L

xs

1
Λ

e−
xt−xs

Λ dxtdxs

= 1 − 1
L̃

+
1
L̃

e−L̃ . (D.2)

The chance that a stone will be removed from strip 0 – to any other strip – can simply
be stated as:

P (0 → 1, 2, ...) = 1 − P (0 → 0) . (D.3)

Figure D.2 shows the probabilities of eqs. (D.1) and (D.2). It can be seen that all
probabilities tend to zero as the relative strip width L̃ becomes small. In this case
the stones travel very far and will have a fairly uniform chance of ending up in any
downstream strip. This does not conform to the assumption of low mobility anymore.
For very large values of L̃ all probabilities become very small again, except P (0→0).
This is understandable, because now the displacement length becomes so small that
hardly any stones will travel a full strip width. Most stones will end up in strip 0
again. In this area the ratio between P (0→1) and P (0→2) will become very large.
So all the stones that do leave strip 0, will only go to strip 1, and no stones from
strip −1 will end up in strip 1. Therefore with a large strip width we will only be
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able to have a sediment transport rate measurement instead of an entrainment rate
measurement.

For a large number of entrained stones, the above theoretical probabilities of a
stone reaching a certain strip n are proportional to the measured number of stones
in strips n, which we denote as mn, divided by the total entrained number of stones
Etot = Σ∞

0 mi. As m0 was not measured, only the sum of all stones that were observed
to have moved, Emeas = Σ∞

1 mi, can be measured. So we can state:

mn

Emeas
≈ P (0 → n)

P (0 → 1, 2, ...)
=

2e−nL̃

1 − e−L̃

(
cosh L̃ − 1

)
(D.4)

The left hand side of eq. (D.4) is measured by the standard counting technique.
Therefore we can fit the right hand side to these measured data for a certain strip
and determine L̃. Subsequently the total entrainment can be estimated by:

Etot =
Emeas

P (0 → 1, 2, ...)
=

L̃

1 − e−̃L
Emeas . (D.5)

This is the required correction factor to be applied to the measured entrainment rate.
This method was checked against a Monte-Carlo simulation and the results indeed
were the same.

D.3 Using the technique

De Gunst (1999) gives the average measured displacement lengths during the bfs

measurements. These displacement lengths will be used to get an estimate of the
correction factor Etot/Emeas. De Gunst has a strip width of L=9.2d. She only
presents the average distributions of displacement lengths for stones originating from
all strips. These average distributions are given for various times in the measurement
where the discharge is increased in steps. Only the last two steps are used, as here
the number of stones moved becomes large enough for the relative error to be small.
The measured displacement lengths (in strips) are depicted in figure D.3. From the
fit we conclude that L̃ is 1.51, which leads to an estimate of Etot = 1.93Emeas. If
we consequently use the assumption that Λ ∝ d we obtain for the WL data – where
L/d=16.1 – the estimate of Etot = 2.83Emeas.
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n
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Figure D.3: The fraction of stones depositing in the nth strip downstream of the strip of origin

(DG), the fitted eq. (D.4), and the estimate of the number of stones deposited

in the strip of origin, as a fraction of the measured number of deposited stones.
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Measurements used for

evaluation of modelling

approach
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Measured E [m/s), without correction for transport within a strip.
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Appendix F

Geometrical characteristics of

prototype bed protections

In 1999 tests were executed in a dock in the Rotterdam harbour to evaluate the
difference between measurements with multibeam and with singlebeam echosounders.
To this end two stretches of layers of standard gradings of rock were built. The
elevations of these two bed protection were measured using measurements with a
point gauge (the ‘real’ elevations, see figure F.1) and with a point gauge with a
hemisphere with a diameter of dn50/2 on its tip. Later the dock was inundated, and
several multi- and singlebeam echosounders were used to measure the elevations of the
two stretches of bed protection. These tests are reported by Meulepas et al. (1999),
and used in VBKO (2000).

These tests had as aim to compare the measurements of a singlebeam and multi-
beam echosounders to the measurement using the point gauge with a hemisphere,
which is the standard measurement in hydraulic engineering. The present interest
is to obtain the real statistics of the bed elevations, which are related to the point
measurements. Therefore the measurements were reanalysed. Although the protec-
tions were inundated, no flow velocities were applied to the beds, therefore they cannot
be regarded as water-worked. Still, they were manually flattened. Therefore they will
also resemble a random flat bad.

Two beds were made using different gradings. Bed A had a grading of 40–200 kg,
and bed B of 10–60 kg. In figure F.2 the measured elevations of both beds of the
point measurements and multi-beam measurements (of one system) are shown. The
stretches in the white dotted borders are used to obtain statistics of the bed elevations,
as the bed is rather flat there. Still a small slope is present in the z-direction (not
vertical in the present definition), which is corrected for. The moments of the bed
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220 Appendix F. Geometrical characteristics of prototype bed protections

Figure F.1: Left: point gauge measurement at Verolme Dock in progress (Meulepas et al.,

1999). Right: result of a scan with a multi-beam echosounder.
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Figure F.2: From left to right, respectively the following measurements: 40–200 kg point

gauge, 40–200 kg multibeam, 10–60 kg point gauge, 10–60 kg multibeam.
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measurement σ σ/d S K

A: 40–200 kg, point gauge 0.153 0.420 -0.263 3.116
A: 40–200 kg, multibeam 0.127 0.349 -0.690 7.647
B: 10–60 kg, point gauge 0.137 0.572 -0.330 3.279
B: 10–60 kg, multibeam 0.091 0.380 0.220 3.330

Table F.1: Standard deviation and higher order moments determined for both bed protec-

tions by two techniques.

elevations are determined relative to the trendline in the z-direction.
The resulting bed characteristics are tabulated in table F.1. Also other multibeam

systems were used. All these systems gave a linear relation between the measured
standard deviation of the bed elevations and the stone grading. This is less clear for
the point gauge measurements. However, the fact that the higher order moments of
the multibeam measurements differ so much between the two measurements, makes
that the point gauge measurements are deemed more accurate. The fact that the
higher order moments are more extreme for the 40–200 kg gradation could be because
the multibeam system can resolve the pores between the rocks in that case, while it
cannot for the 10–60 grading.
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