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Summary
The safety level of a dike is expressed in terms of risk. Risk is defined as the product
of the probability of inundation of a polder (after failure of a dike) and the expected
damage (casualties, economic damage and damage to the infrastructure) caused by
inundation. The rate of inundation determines the amount of casualties and depends
heavily on the flow velocity through the breach and breach development in time.
The flow velocity in a breach can become larger than 5 m/s. Due to these large
flow velocities, the application of conventional sediment pick-up functions in breach
growth models, leads to a significant overestimation of the breach growth and thus
the rate of inundation.

The same difference is encountered in dredging practice. Trailing suction hopper
dredgers extract sand from the bottom of the sea for reclamation purposes. A suction
head is trailed over the sea bed, using water jets to erode sand. Typical jet flow
velocities are around 30 to 60 m/s. As in the dike breaching process, conventional
pick-up functions significantly overestimate the erosion velocity during jetting.

Pick-up of grains starts when the flow conditions exceed the critical Shields
parameter. When this criterion is met, grains start to move and are transported
over the top of the sand bed. At a higher value of the Shields parameter grains are
eroded from the sand bed: the top of the sand bed moves down. The amount of
grains (weight) eroded from the sand bed per unit of time and area is defined as the
pick-up flux. Present pick-up functions are mainly based on the erosion of single
grains (grain by grain pick-up) and are applicable for low flow velocities (up to 1
m/s) and lag some physical understanding.

However, at flow velocities of more than 1 m/s these functions overestimate
the pick-up flux. Empirical models describing the erosion of sand at higher flow
velocities (up to 3 m/s) explain that this difference is caused by the behavior of the
sand bed during erosion. It is assumed that the pick-up flux is influenced by the
shearing of layers of sand at the top of the sand bed. The resulting dilative behavior
causes an inward hydraulic gradient into the sand, hence reducing erosion (dilatancy
reduced erosion). As a result bulk properties, such as porosity and permeability,
start to influence the pick-up flux.

The amount of data and range of flow velocities of existing experimental studies is
too limited for a proper validation of the dilatancy reduced erosion regime. Existing
experimental studies show the influence of bulk properties like permeability and
porosity, but the flow velocity during these experiments was limited to 1.5 m/s.
Some other studies have presented data for flow velocities up to 3 m/s. However,
these data are too limited for a proper validation of the erosion process at flow
velocities of more than 1 m/s.

In order to study the erosion process at higher flow velocities and to gather
experimental data for this process, erosion experiments were carried out at flow
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velocities of 2 to 6 m/s with varying bulk properties of the sand bed. The results
of these experiments show the influence of turbulent bursts, consisting of vortices
traveling close to the top of the sand bed. The downward flow velocity of the
sweeps of these vortices hit the top of the sand bed, causing shearing of lumps of
sand. These lumps disintegrate and are transported (partly) to the main flow by
the upward flow velocity of ejections. However, not all grains reach the main flow.
Part of the eroded grains are re-sedimented by sweeps of the next vortices.

The shearing of lumps of sand is comparable with the description of the resistance
of a sand bed to a normal stress. Shearing of these lumps leads to dilatancy, resulting
in decreased pore water pressures and thus increasing the resistance to shear. The
analysis of the results of the experiments shows that the porosity (determining the
resistance to shear and effect on pore water under pressures) and the permeability
(effect on pore water under pressures) influence the pick-up flux. The results of the
experiments underline the influence of these bulk properties of the sand bed on the
pick-up flux.

A semi-empirical pick-up function has been derived on the basis of the results of
the experiments and visual observations during the experiments. This function is
based on the shearing of lumps of sand as a result of turbulent normal wall stresses.
The normal wall stress is determined by the vertical velocity in the sweeps. The
depth-averaged flow velocity is used as a measure for this vertical velocity. The
shearing of lumps of sand is modeled according to the resistance of a sand bed to a
normal stress, including the effect of dilatancy and resulting decreased pore water
stresses. This approach gives a good description of the effect of the porosity, angle
of internal friction and permeability on the pick-up flux and matches well with the
data of the erosion experiments.

The influence of liquefaction of the sand bed, as observed during the experi-
ments, is absent in the present developed pick-up function. Liquefaction is caused
by consecutive turbulent bursts hitting the top of the sand bed. Depending on the
porosity and permeability of the sand bed, sweeps cause temporarily excess pore
water stresses. The rate of decrease of these excess pore water stresses in time and
thus the intensity of liquefaction depends on the time between the bursts and the
permeability of the sand bed. The experiments show that fine sand is more sensitive
for liquefaction than coarse sand, which can be explained by the lower permeability
of fine sand in comparison with coarse sand. Visual observations during the ex-
periments on the coarsest sand type (d50 = 562 µm) showed temporarily a small
liquefied zone. Due to the high permeability of this type of sand, the generated
excess pore water stresses fully decreased, before the next turbulent burst hit the
top of the sand bed. Further study is necessary to improve the developed pick-up
function for the influence of liquefaction.

The present experimental study has resulted in a description of the erosion pro-
cess, an experimental data set and a semi-empirical model for the pick-up flux
at depth-averaged flow velocities between 2 and 6 m/s including the effect of the
porosity and permeability of the sand bed. This makes it possible to improve the
calculation of the growth of a breach in a sand dike and to improve the dredging of
sand with a trailing suction hopper dredger.



Samenvatting
Het veiligheidsniveau van een dijk wordt uitgedrukt in termen van risico’s. De
grootte van het risico is afhankelijk van het product van de kans op het optreden van
een dijkdoorbraak en de gevolgen hiervan, de schade. Hierbij gaat het niet alleen om
economische schade of schade aan infrastructurele objecten, maar ook om aantallen
slachtoffers als gevolg van de overstroming. De snelheid waarmee de overstroming
optreedt, bepaalt het aantal slachtoffers en hangt sterk af van de stroomsnelheid
van het water door de bres in de dijk en de groei van de grootte van deze bres. De
stroomsnelheid in de bres kan oplopen tot meer dan 5 m/s. Als gevolg van deze
relatief hoge stroomsnelheid, leidt het gebruik van conventionele erosie-functies in
bresgroei-modellen tot een overschatting van de bresgroei en daarmee de snelheid
waarmee de polder inundeert na het bezwijken van een dijk.

Hetzelfde is geconstateerd bij het baggeren van zand met sleephopperzuigers.
Deze schepen winnen zand op zee voor opspuitwerkzaamheden ten behoeve van
landaanwinning. Door middel van een sleepkop, die over de bodem van de zee
wordt getrokken, wordt met behulp van waterjets zand geërodeerd. De stroom-
snelheid in deze waterjets is tussen de 30 tot 60 m/s. Ook in deze situatie, geven
de conventionele erosie-functies een overschatting van de erosiesnelheid tijdens het
jetten.

Zandkorrels beginnen te bewegen wanneer de kritische Shields-parameter wordt
overschreden. De korrels worden over het zandbed getransporteerd. Bij hogere
waarden van de Shields-parameter vindt erosie plaats: de top van het zandbed
beweegt naar beneden. De hoeveelheid korrels (gewicht) die eroderen per eenheid
van tijd en oppervlak is gedefinieerd als de erosie-flux. De huidige modellen voor het
bepalen van de erosie-flux zijn gebaseerd op het eroderen van separate korrels (korrel
per korrel erosieregime), zijn toepasbaar voor lage stroomsnelheden (tot ongeveer 1
m/s) en er ontbreekt een zekere fysische onderbouwing.

Echter, boven stroomsnelheden van 1 m/s overschatten de huidige modellen de
erosie-flux. Empirische modellen, die het gedrag bij hogere stroomsnelheden be-
schrijven (tot 3 m/s), verklaren dit verschil door het effect van het gedrag van het
zandbed tijdens erosie. Deze modellen gaan ervan uit dat de erosie wordt beïnvloed
door het afschuiven van lagen zand in het bovenste gedeelte van het zandbed. Het
resulterende dilatante gedrag, veroorzaakt een hydraulische gradient in het zandbed,
waardoor de erosie wordt beperkt (dilatantantie gereduceerd erosieregime). Het ge-
volg is dat bulkeigenschappen van het zand, zoals porositeit en doorlatendheid, de
erosie-flux gaan beïnvloeden.

De hoeveelheid beschikbare gegevens en het bereik van de stroomsnelheid van
bestaande experimentele studies is te beperkt voor een goede validatie van modellen
in het dilatantie gereduceerd erosieregime. Bestaande experimentele studies laten
de invloed van bulkeigenschappen als porositeit en doorlatendheid zien, maar de
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x Samenvatting

stroomsnelheid tijdens de uitgevoerde proeven was maximaal 1.5 m/s. Sommige
andere experimentele studies zijn uitgevoerd bij stroomsnelheden tot 3 m/s. Echter
de hoeveelheid beschikbare gegevens was te beperkt voor een goede validatie van
erosie bij stroomsnelheden van meer dan 1 m/s.

Om het erosie-proces te bestuderen bij hogere stroomsnelheden en voor het
verkrijgen van experimentele gegevens, zijn in het onderhavige onderzoek erosie-
experimenten uitgevoerd bij stroomsnelheden van 2 tot 6 m/s, waarbij de bulkei-
genschappen van het zandbed zijn gevarieerd. De resultaten van deze experimenten
laten de invloed zien van turbulente wervels dichtbij het oppervlak van het zand-
bed. De stroomsnelheid in de neergaande beweging van de wervel veroorzaakt het
bezwijken van zandbrokken. Deze brokkken vallen uit elkaar en worden (gedeel-
telijk) getransporteerd naar de hoofdstroming door de opwaartse stroming in de
wervel. Echter, niet alle korrels bereiken de hoofdstroming. Een gedeelte van de
korrels sedimenteert door de neergaande stroming van de volgende wervel.

Het afschuiven van brokken zand is vergelijkbaar met de weerstand van een
zandbed tegen afschuiving als gevolg van een normaalspanning. Afschuiving leidt tot
dilatantie, hetgeen resulteert in verlaagde waterspanningen in de poriën, waarmee de
weerstand tegen afschuiving toeneemt. Dit laat zien dat de porositeit (bepalend voor
de weerstand tegen afschuiving en het effect op de waterspanningen in de poriën) en
de doorlatendheid (bepalend voor de grootte van de waterspanningen in de poriën)
van invloed zijn op de erosieflux. De resultaten van de proeven onderschrijven de
invloed van deze bulkeigenschappen van het zandbed op de erosieflux.

Een semi-empirische erosiefunctie voor de erosieflux is afgeleid op basis van de
resultaten van de experimenten en visuele observaties tijdens deze experimenten.
Deze functie is gebaseerd op het afschuiven van brokken zand als gevolg van een
normaalspanning. De normaalspanning is gebaseerd op de verticale stroomsnelheid
in de wervels dichtbij het zandbed. Deze functie gebruikt de diepte-gemiddelde hori-
zontale stroomsnelheid als maat voor deze verticale stroomsnelheid. Het afschuiven
van brokken zand is gemodelleerd op basis van het bezwijken van zand als gevolg
van een normaalspanning, inclusief het effect van dilatantie en het effect daarvan op
de waterspanning en effectieve spanning. Deze aanpak geeft een goede beschrijving
van het effect van de porositeit, hoek van inwendige wrijving en de doorlatendheid
op de erosieflux. Het model komt goed overeen met de resultaten van de erosie-
experimenten.

De invloed van verweking van het zandbed, zoals deze optrad tijdens de expe-
rimenten, is niet meegenomen in de ontwikkelde erosie-functie. Verweking wordt
veroorzaakt door opeenvolgende wervels die de top van het zandbed belasten. Af-
hankelijk van de porositeit en de doorlatendheid, veroorzaakt de normaalspanning
als gevolg van de neerwaartse stroming in de wervels tijdelijke wateroverspanningen.
De tijd tussen opeenvolgende wervels en de doorlatendheid van het zandbed, bepa-
len de afname van de wateroverspanningen en daardoor de grootte en tijdsduur van
de verweking. De experimenten laten zien dat fijn zand gevoeliger is voor verweking
dan grover zand. Dit kan verklaard worden door de lagere doorlatendheid van het
fijne zand in vergelijking met die van het grovere zand. Het grove zand vertoonde
tijdens de experimenten een relatief kleine en tijdelijk aanwezige verweekte zone. Als
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gevolg van de hoge doorlatendheid waren de wateroverspanningen nagenoeg volledig
afgenomen op het moment dat de volgende wervel de top van het zandbed raakte.
Verdere ontwikkeling van het model is noodzakelijk om het bestaande model uit te
breiden voor het effect van verweking.

De huidige experimentele studie heeft inzicht gegeven in de fysica van het erosie-
proces. Met behulp van deze kennis en de meetdata is een semi-empirische functie
afgeleid en gevalideerd voor het bepalen van de erosieflux bij diepte-gemiddelde
stroomsnelheden tussen de 2 en 6 m/s inclusief de invloed van het effect van de
porositeit en de doorlatendheid van het zandbed. Dit maakt het mogelijk de groei
van een bres in een zanddijk beter te voorspellen en het productieproces bij het
baggeren van zand met een sleephopperzuiger te verbeteren.
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1
Introduction

1.1. Background
In the Netherlands the safety level of a dike is expressed in terms of risk. Risk is
defined as the product of the probability of inundation of a polder (after failure of
the dike) and the expected damage caused by the inundation (Visser, 1998). It is
necessary to model the inundation process of the polder (Figure 1.1) in order to be
able to estimate this damage (casualties, damage infrastructure, economic damage,
etc.). The process of polder inundation depends heavily on the flow velocity through
the breach and breach development in time. The flow velocity in a breach can
become larger than 5 m/s. Due to these large flow velocities, the application of
conventional empirical sediment pick-up functions, like that of van Rijn (1984a),
in breach growth models leads to a significant overestimation of the breach growth
(Bisschop et al., 2010).

Figure 1.1: Dike breaching during storm of 1953 in the Netherlands
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The same difference is encountered in dredging practice. Trailing suction hop-
per dredgers extract sand from the bottom of the sea for reclamation purposes
(Figure 1.2). A suction head is trailed over the sea bed, using water jets to erode
sand. Typical jet flow velocities are around 30 to 60 m/s (van Rhee, 2010). As in
the breaching process, conventional pick-up functions significantly overestimate the
erosion velocity during jetting (van Rhee, 2010).

Figure 1.2: Trailing suction hopper dredger rainbowing

Pick-up of grains starts when the flow conditions exceed the critical Shields
parameter (Shields, 1936). When this criterion is met, grains start to move and are
transported over the top of the sand bed. At a higher Shields parameter, grains
are eroded from the sand bed: the top of the sand moves down. The amount of
grains (weight) eroded from the sand bed per unit of time and area is defined as the
pick-up flux. Functions, describing the pick-up flux, are mainly based on the erosion
of single grains (grain by grain pick-up) and are applicable for relative low values of
the Shields parameter (< 0.5 till 1.0). Within the scope of this study, sand with a
grain size of 50 to 500 µm, this condition agrees with flow velocities of less than 1.0
till 1.5 m/s. Grain movement occurs when the instantaneous fluid force on a grain
exceeds the instantaneous resisting force related to the submerged weight, friction
force or embedding of the grain in the sand bed. One of the most well-known pick-up
functions is the empirical equation of van Rijn (1984a). However, at flow velocities
of more than 1 m/s the model of van Rijn (1984a) overestimates the pick-up flux.

Winterwerp et al. (1992), Mastbergen and van den Berg (2003), Mastbergen
(2006) and van Rhee (2010) published empirical models regarding the erosion of
sand at higher flow velocities (up to 3 m/s). These models give a better prediction
of the pick-up flux at these flow velocities than the equation of van Rijn (1984a).
Mastbergen and van den Berg (2003) and van Rhee (2010) explain that this differ-
ence is caused by the behavior of the sand bed during erosion. It is assumed that
the pick-up flux is influenced by the shearing of layers of sand at the top of the sand
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bed. Shearing was also observed by Gao (2008) at corresponding flow conditions
with a Shields parameter (θb) of more than 0.5.

The resulting dilative behavior results in an inward hydraulic gradient into the
sand bed, hence reducing erosion (dilatancy reduced erosion). As a result bulk
properties such as porosity and permeability start to influence the pick-up flux. van
Rhee (2010) developed an adapted pick-up function for flow velocities of more than
1 m/s incorporating this effect via bulk properties like permeability and porosity
in an adapted critical Shields parameter. This function agrees well with data of
erosion experiments of Bisschop (1993) and Roberts et al. (1998). van Rhee (2010)
showed also that the occurrence of the dilatancy reduced erosion regime only partly
depends on the flow velocity, but is mainly determined by the value of the quotient
of the erosion velocity and permeability (ve/k).

van Rhee (2010) introduced the term hindered pick-up for this regime. Bisschop
et al. (2016) changed the name of this regime into dilatancy reduced erosion to
avoid confusion with the influence of the concentration of the eroding fluid on the
erosion process. This last process is considered as the reduction of the pick-up flux
as a result of grains, present at relatively high concentrations in the eroding fluid
just above the eroding bed, hindering eroding grains moving upwards. This effect
is described as hindered pick-up (Winterwerp et al., 1992).

1.2. Problem definition
The amount of data and range of flow velocities of existing experimental studies is
too limited for a proper validation of the dilatancy reduced erosion regime. Bisschop
(1993) and Roberts et al. (1998) investigated in their experiments thoroughly the
influence of bulk properties, like permeability and porosity of the sand, although
the flow velocity during these experiments was limited to 1 and 1.5 m/s. These
experiments just met the conditions for dilatancy reduced erosion. Winterwerp
et al. (1992) and Mastbergen and van den Berg (2003) present data at higher values
of the Shields parameter (up to 30) and flow velocity (up to 3 m/s). However, these
data are too limited for a proper validation of the erosion process of more than 1
m/s.

1.3. Research objective
The goal of this research program is:

• to observe and to get understanding of the process of erosion of sand at flow
velocities of 2 to 6 m/s and to gather experimental data of the erosion process
with varying bulk properties of the sand bed;

• to develop a pick-up flux function applicable at these flow velocities.

The erosion experiments were executed in an adapted closed flume of the slurry
circuit of the Dredging Research Laboratory of Delft University of Technology. Dif-
ferent erosion experiments were carried out, with varying hydraulic conditions like
flow velocity and density of the eroding sand-water mixture. Grain size and density
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of the sand bed were varied. The description of the erosion process and the results
of the different experiments have been used to describe the erosion process and to
develop an analytical pick-up function.

1.4. Outline of this thesis
The road map of this PhD thesis is presented in Figure 1.3. The research program
started with a literature survey regarding the behavior of single (sand) grains and
their bulk behavior (Section 2), followed by a literature survey regarding the be-
havior of a flow over a sand bed and resulting energy loss or hydraulic gradient
(Section 3). Section 4 describes existing empirical and partly theoretical pick-up
functions. This survey shows that some empirical models exist, but the experimen-
tal data are limited to flow velocities up to 3 m/s. Due to the lack of results of
erosion experiments at flow velocities above 3 m/s and the lack of knowledge re-
garding the effective bed shear stress at these flow velocities, erosion experiments
were carried out in an adapted slurry circuit of the Dredging Technology Research
Laboratory of the TU Delft (Section 5). In 2010 a first series of 17 experiments
were executed on two types of sand. The results of these tests were used to im-
prove the test set-up and experimental procedures. This resulted in a test program
consisting of 65 experiments on 4 sand types with varying density of the sand bed,
flow velocity and density of the eroding flow. Section 6 describes the results of
the experiments including the derivation of the pick-up flux and effective bed shear
stress and concludes with an experimental error analysis. All empirical functions
need an estimate of the effective bed shear stress at flow velocities of more than 1
m/s. Section 7 presents an analysis, leading to a direct empirical function in order
to determine the bed shear stress at these flow conditions. This is an improvement
because available empirical functions are based on an implicit function relating the
bed shear stress to a fictitious bed roughness, having no physical meaning. Section 8
gives a physical description of the erosion process. This has led to the improvement
of the derivation of the pick-up flux from the experiments. The influence of the flow
conditions and properties of the sand bed on the pick-up flux are described in this
Section. The physical description and the relation with several parameters form
the basis for the development of a semi-empirical pick-up function. This Section
finishes with a description of the practical application of the developed knowledge
of the erosion process in case of breaching of dikes and embankments and jetting
of sand in dredging practice. Conclusions and recommendations are presented in
Section 9.
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2
Behavior of sand

2.1. Introduction
Previous experimental studies of erosion, like Mastbergen and van den Berg (2003)
and van Rhee (2010) showed that at flow velocities of more than 1 m/s erosion is
influenced by the behavior of the sand bed and thus its bulk properties. Under-
standing the behavior of sand and its bulk behavior and properties is necessary to
study the erosion process of sand at high flow velocities. The behavior of sand is
not only determined by the properties of single grains (Section 2.2), like grain size,
grain size distribution, roundness and sphericity, density of the grains and mineral
content. The properties of single grains as well as the assemblage of the grains de-
termine the bulk behavior and properties of a sand bed (Section 2.3). Typical bulk
properties of a sand bed are porosity (density), permeability and shear resistance
(angle of internal friction). For the description of the shear resistance of sand dis-
tinction is made between the shear-strain and shear-strain rate behavior. Section
2.4 describes the main findings regarding the behavior of sand, distinguishing the
behavior of single grains and the bulk behavior of sand.

2.2. Properties of grains
The most important property of a sand grain is the size. Other properties are:
roundness, sphericity, density of the grains and mineral content.

2.2.1. Grain size
The grain size and grain size distribution have a large influence on the behavior of
the bulk properties of a sand bed. The Dutch design code (NEN, 2016), regarding
the classification of soils, distinguishes four types on the basis of the grain size
(Figure 2.1).

• gravel: grain size larger than 2 mm;

• sand: grain size between 2 mm and 63 µm;

7
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• silt: grain size between 63 µm and 2 µm;

• clay: grains smaller than 2 µm.
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Figure 2.1: Example of grain size distribution

It should be noted that other codes classify soils on other values for the grain
size. These differences are just a matter of definition, they do not represent any
physical limit. The main differences are found for the limiting value of the grain
size for clay and the boundary between silt and sand. The American Geophysical
Union and the American Society for Testing and Material (ASTM) use for the grain
size at the boundary between clay and silt: 4 µm and 5 µm instead of 2 µm. The
ASTM and British Standards (BS) have defined the boundary between silt and sand
at a grain size of 75 µm and 60 µm instead of 63 µm (Winterwerp and van Kesteren,
2004).

Natural sediments do not consist of grains of a separate size, but exhibit a cer-
tain grain size distribution. Figure 2.1 shows an example. Often sediments are
characterized by the d50 (size at which 50% of the grains is smaller), which is often
denoted as the average grain size. Other size parameters as the d10 and d60 are
defined as the size at which 10% respectively 60% of the grains is smaller. The
grain size distribution has a large influence on the bulk behavior of granular sedi-
ments. On the basis of the grain size distribution and mineralogical composition a
distinction can be made between granular and cohesive behavior. Granular behav-
ior occurs when the behavior of the sand bed is dominated by inert (quartz) grains,
without any electro-chemical interaction. The interaction consists of inter granular
shear resistance (angle of internal friction), depending on the density, sphericity and
roughness of the separate grains.

Cohesive behavior occurs when the behavior is dominated by grains, exhibiting
electro-chemical interaction (Bisschop, 2009). Examples of clay minerals are kaoli-
nite, smectite, montmorillonite, illite and chlorite (Winterwerp and van Kesteren,
2004). These minerals have a varying capacity of binding water, hence influencing
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the behavior of clay. The fraction having a size of less than 2µm to 20 µm consists
mainly of clay minerals. According to the Dutch design code (NEN, 2016) granular
sediments are defined as sand (Lubking, 2004) when the sand fraction is more than
50%, the clay fraction is less than 8% and the material does not possess any cohe-
sion (Figure 2.2). At a clay fraction of more than 8% the amount of clay influences
the behavior of the sediment significantly. Properties like permeability and shear
resistance, change significantly, in comparison with sediments being described as
sand.

However, the value of the clay fraction determining the behavior of sediments
(granular of cohesive) is not fixed. Besides the amount of clay, the behavior of
a sediment depends on the electro-chemical interaction of the clay fraction, which
depends on the mineralogical composition of the clay. The electro-chemical inter-
action influences the capacity in binding water. A sediment, comprising clay with
a relative high capacity in binding water (highly active clays), will show cohesive
behavior at clay fractions (weight percentage) of even less than 8%, see also Section
2.2.4. The value of 8% can be considered as representative for Dutch clay types.
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Figure 2.2: Sand-silt-clay triangle (Bisschop, 2009)

2.2.2. Roundness and sphericity
Natural sand grains have a certain roundness and sphericity. The roundness of a
grain is determined by the shape of the corners. If the grain shape is very irregular
the grains are very angular (Figure 2.3), while well rounded means that the shape
of the grains is very smooth. The sphericity is a number for the overall shape of
the grains. A grain with a flat shape has a low sphericity, while a high sphericity
means that the grains are round. The amount of roundness and sphericity can be
numbered according to Figure 2.3. Another method to determine the sphericity of
a grain is the Corey shape factor (Sf ). This factor is determined on the basis of the
length of the longest (dl), intermediate (dm) and shortest axis (do) of a grain:
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Sf = do/
√
dl · dm (2.1)

This factor is zero for a two-dimensional plate and unity for a sphere (Swamee
and Ojha, 1991). The shape of the grains influences bulk properties like failure
behavior, porosity, density and to a lesser extent permeability. Minor features of
the surface of a grain, independent of size, sphericity or degree of roundness, are
termed "surface texture" of a grain. Some terms to describe surface texture are
dull or polished, smooth or rough, frosted, etched or pitted (Lambe and Whitman,
1969).
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Figure 2.3: Roundness/sphericity chart (Powers, 1953)

2.2.3. Grain density
The grain density (ρs) depends on the type of solids of which the grains consist.
In case of quartz grains, being dominant in natural sediments, the grain density is
approximately 2,650 kg/m3. Carbonate sand grains have a density of 2,720 kg/m3.
The density of other natural solids varies between 2,200 and 2,900 kg/m3 (Lambe
and Whitman, 1969), depending on the mineralogical composition of the solids.

2.2.4. Mineral content
The individual grains of the silt and sand fraction (grain size >2 µm and <63 µm)
of a sediment consists mainly of quartz, feldspar and carbonates, although clay
minerals still could be present. In the sand fraction (grain size >63 µm) the main
mineral constituents are quartz and feldspar. However, in the Near and Middle East
sand could be also of carbonate origin.

Clay minerals are to a large extent responsible for cohesion (Winterwerp and
van Kesteren, 2004). This is mainly because of the size and flat shape of the min-
erals, yielding a very high specific surface area and the electro-chemical interac-
tion between these minerals. Clay minerals consist largely of two-dimensional silica
tetrahedra with aluminium-hydroxide octahedra (gibbsite) or magnesium-hydroxide
octahedra (brucite). These sheets of silica tetrahedral and gibbsite or brucite exist
in different compositions forming different clay minerals. The specific surface area
(As) and cation exchange capacity (CEC) are parameters determining the behavior
of the clay minerals. Kaolinite is known as a non- or almost non-swelling clay min-
eral with a low specific surface area and low CEC. Water molecules are hardly able
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to enter between the clay minerals, leading to a relative large amount of free water in
relation to the amount of bounded water. Other clay minerals like montmorillonite
have a higher surface area and CEC. This enables water molecules to enter between
the clay minerals resulting in significant swelling. This mineral has a relative large
amount of bounded water in relation to free water.

A useful index to characterize the bounding capacity of water and resulting
assemblage of clay particles are the Atterberg limits. The Atterberg limits are
related to the amount of water that is attracted to the surface of the clay minerals
and therefore they are a measure for the total volume of the clay particles and
capacity to bound water (activity). Based on this knowledge Skempton (Lambe and
Whitman, 1969) has defined a quantity called activity (Ac) based on the plasticity
index (PI) and percentage of clay-size particles (<2 µm):

Ac = PI

% ≤ 2µm (2.2)

The activity of a clay is strongly related to the type of minerals. Together with
the amount of clay fraction it determines the behavior of a sediment: granular of
cohesive.

2.3. Bulk properties
The bulk properties of granular material depend strongly on the properties of the
separate grains. Besides this the bulk properties are influenced by the sedimentary
environment (hydraulic circumstances) in which they are formed and the present
depth (effective stress) of the sediments. This section describes the bulk behavior
and bulk properties as density and/or porosity, permeability and failure behavior
(static as well as dynamic).

2.3.1. Density
The in-situ density of a sand bed (ρi) depends on the density of the grains (ρs),
density water (ρw), porosity (n) and degree of saturation (Sa):

ρi = Sa · n · ρw + (1− n) · ρs (2.3)

The density of the grains depends on the mineralogical composition (Section
2.2). The degree of saturation (S) is defined as the volume of water (Vw) divided
by the volume of the voids (Vv). The porosity and void ratio are a measure for
the amount of voids. The porosity is defined as the volume of the voids (Vv),
which can be filled with water or air, divided by the total volume (Vt) of the sand
bed. The void ratio (e) is defined as the quotient of the volume of voids and the
volume of the grains. The porosity of an arrangement of uniform spheres has a
minimum (dense state) and maximum (loose state). The minimum porosity for
uniform spheres is 0.26 and the maximum porosity is in this case 0.476 (Lambe and
Whitman, 1969). The minimum porosity for natural sediments varies between 0.30
and 0.45 with a maximum porosity varying between 0.40 and 0.55. The minimum
and maximum porosity depend mainly on the grain size distribution (coefficient of
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uniformity: Cu = d60/d10) and angularity of the grains. A large grading leads to a
low minimum porosity, because the voids between the larger grains are filled with
smaller grains. The more angular and smaller the grains the lower the minimum
porosity.

The relative density (Re as well as Rn) of sand gives the relation of the in-situ
void ratio (ei) to the maximum void ratio (emax) and minimum void ratio (emin)
as well as the in-situ porosity (ni) to the maximum porosity (nmax) and minimum
porosity (nmin). Because the void ratio and porosity are related to the dry density
of the material, S = 0 in Equation (2.3), the relative density can also be related
to the minimum dry density (ρd,min) and the maximum dry density (ρd,max). The
relative densities, Re and Rn, are defined as:

Re = emax − ei
emax − emin

= nmax − ni
nmax − nmin

· 1− nmin
1− ni

· 100% (2.4)

Rn = nmax − ni
nmax − nmin

= emin − ei
emax − emin

· 1 + emin
1 + ei

· 100% (2.5)

2.3.2. Permeability
The law of Darcy describes the relation between the specific discharge of water
through a sand bed (q), the permeability of the sand bed (k) and hydraulic gradient
(i) by:

q = −k · i (2.6)

The permeability of a sand bed is mainly influenced by the following three char-
acteristics (Lambe and Whitman, 1969):

• grain size (distribution);

• porosity or void ratio;

• clay content and composition (mineralogy).

Grain size
The size of sand grains highly influences the permeability, because small grains
exhibit small voids between the grains. These voids form the flow channels through
the sand and thus the smaller the voids, the higher the flow-resistance and the lower
the permeability. Based on experimental data it is proven that the smallest grains
in a soil have the largest influence on permeability. These grains determine the
dimensions of the size of the voids in between the larger sand grains. The size of
the voids determine the size of the flow channels between the grains and therefore
highly influence the permeability. The Hazen-equation, an empirical relation, is a
good example for this fact, because this equation relates the size (d10) of the smallest
grains to the permeability (Carrier, 2003):

k = 11, 570 · d2
10 (2.7)
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Although Equation (2.7) was developed for the design of sand filters for water
purification purposes (loose, clean sands with a coefficient of uniformity: d60/d10 of
less than about 2), this equation is frequently used to estimate the permeability of
in-situ sands (Carrier, 2003). Wide ranges of the empirical constant (11,570) have
been reported in several geotechnical textbooks (Carrier, 2003). The published
constants range between 100 and 100,000, meaning that Equation (2.7) should be
used with great care. This relation assumes that the distribution of particle sizes
is spread enough to prevent the smallest particles from moving under the seepage
force of the flowing water. If the flow washes out the fines the permeability increases
with duration of the flow.

Porosity or void ratio
Another factor, influencing permeability, is the porosity or void ratio. A mainly
theoretical expression describing the permeability of porous media is the Kozeny-
Carman equation. Including the effect of the angularity of grains, this equation
reads (Lubking, 2004):

k = ρw · g
ηw

· e3

1 + e
· 1
k0 · S2

v · fL
(2.8)

in which ηw is the dynamic viscosity of water, g is the acceleration of gravity
and Sv is the specific grain surface. The Kozeny-Carman constant (k0) is 5 and
the angularity factor of Loudon (fL) is between 1.1 and 1.4. Bear (1972) and Batu
(1998) developed an adapted Kozeny-Carman equation relating the effect of the
specific grain surface to the size of the smallest grains (d10):

k = Ck ·
g

νw
· d2

10 ·
n3

(1− n)2 (2.9)

in which Ck is a coefficient mainly depending on the grain size distribution and
the angularity of the grains and νw is the kinematic viscosity. Kim and Parizek
(1999) presents an approach based on the same assumption, relating the specific
grain surface inversely proportional to the average grain size:

k = ρw · g
ηw

· e3

1 + e
· d

2
50

180 (2.10)

Carrier (2003) has presented an empirical equation, developed by Amer and
Awad (1999), which is partly related to the Kozeny-Carman equation:

k = (d60)0.60 · (d10)1.73 · e3

1 + e
(2.11)

Another empirical equation to which is often referred in Dutch engineering is an
empirical equation proposed by den Adel (see van Rhee (2010)):

k = g

160 · νw
· d2

15 ·
n3

(1− n)2 (2.12)
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in which d15 is the size at which 15% of the grains is smaller. Equation (2.12)
is not well known outside the Netherlands, but gives a rather accurate prediction of
the permeability as function of the grain size of the smallest grains and porosity (van
Rhee, 2010). The factor introducing the influence of the porosity is similar to the
theoretical Kozeny-Carman equation as given in Equation 2.8. Experimental data
has shown that the permeability is directly related to the factor e3/(1 + e) (Lambe
and Whitman, 1969), indicating that an increase of the void ratio is related to an
increase of the permeability. The permeability of a rather loosely packed granular
material is approximately 3 times higher than of a densely packed granular material.
This shows that Equation 2.7 should be used with great care, because the effect of
the porosity is not included in this equation.

Clay content
The permeability of sand is highly influenced by the clay content and composition
of the clay particles (grain size <2 µm), also when the clay content is less than 8%.
Smaller grains in between larger grains decrease the effective porosity and therefore
the permeability. If clay particles are present between sand grains the permeability
decreases significant. This is the result of the ability of clay particles to bind water.
Due to their capacity in binding water the clay particles increase in size and fill a
relative large volume in relation to (inert) quartz grains of similar size.

Foortse (2016) determined the permeability of two types of sand, mixed with
different amounts of bentonite. Bentonite is a clay with a high swelling capacity,
reducing the permeability when mixed with sand. Figure 2.4 shows the influence of
bentonite on the permeability of sand with an average grain size (d50) of 125 µm and
256 µm. The permeability of sand is highly reduced by the presence of bentonite,
while the mixture of sand and bentonite is still behaving as a loose grained (non-
cohesive) material. Direct shear tests revealed that up to 10% of added bentonite
the friction characteristics of the sand types did not change in comparison with sand
without bentonite. This shows that the typical behavior for sand (drained behavior)
was maintained. The friction angle of 150 µm sand varied between 38◦ and 43◦ and
for the sand with a d50 of 256 µm values between 34 and 37◦ were measured.

The influence of clay on the permeability shows that Equations (2.7), (2.10),
(2.11) and (2.12) should not be used in case a clay fraction is present in the sand.
In case of the presence of clay the permeability is related to the clay content and
activity of the clay, besides grain size and porosity of the sand grains. No specific
empirical or theoretical relations exist in this case. Another situation appears when
the voids between the sand grains are totally filled with clay. In this case the
permeability reduces to the permeability of the clay itself.

2.3.3. Shearing: shear-strain behavior
The physical behavior of sand, subjected to shear and saturated with water, depends
on its porosity. During shearing, but also during compression, the arrangement of
the grains will change to enhance horizontal and vertical deformation. If sand is
loosely packed (Figure 2.5a) the porosity decreases while shearing. This is called
contractant behavior and results in the generation of excess pore water pressures at
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Figure 2.4: Permeability of sand mixed with different volume percentages of bentonite (Foortse,
2016)

high shear rates. Normally sand is densely packed as shown in Figure 2.5b. During
shearing the grains have to move up in order to enhance horizontal displacements:
the porosity increases. The increase in volume leads to a decrease of the pore water
pressure in the sheared zone, introducing an inward hydraulic gradient and flow of
water into the sand bed. It should be noted that the failure mode of sand, can be
a combination of compression and shearing, resulting in contractant behavior and
dilatancy.

In case of a sand bed saturated with water, these volume changes introduce
the influence of the permeability on the shearing resistance. This was experienced
during the cutting of dense packed sand under water. These experiments have
revealed the effect of shear induced dilatancy (van Os, 1977) and (van Os and van
Leussen, 1987), causing positive volumetric strains and pore water under pressures.
These pore water under pressures increase the effective stress and thus the resisting
strength of sand during shearing. The resulting pore water pressure depends on the
deformation rate and permeability, showing the influence of the permeability on the
strength of sand.

Mohr Coulomb-model
The most common model to describe the failure behavior of granular and cohesive
material is the Mohr Coulomb-model (Figure 2.6). The shear stress (τ) at which fail-
ure occurs (Mohr Coulomb-criterion) depends on the cohesion (C), effective vertical
stress (σ′z) and angle of internal friction (φ):

τ = C + σ′z · tanφ (2.13)

in which the effective vertical stress is defined as the difference between the total
vertical stress (σz) and pore water stress (σu):

σ′z = σz − σu (2.14)
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(a)

(b)

Figure 2.5: Decrease of porosity during shearing of loosely packed sand: contractant behavior (a)
and increase of porosity during shearing of densely packed sand: dilatant behavior (b) (Lubking,
2004).

As long as the shear stress is below the failure criterion it is assumed elastic
deformations occur. Failure occurs when the Mohr-Coulomb envelope is exceeded.
This is possible with different kind of stress combinations. When failure takes place,
the deformations are considered to be plastic. Increase of the vertical effective stress
(σ′z), while the horizontal effective stress (σ′x) remains constant, results in a larger
Mohr-circle. When the Mohr-circle (Figure 2.6) reaches the Mohr-Coulomb envelope
failure takes place.

In case of a horizontal sand bed, the effective vertical stress is the maximum
stress (σ′max) in the Mohr Coulomb failure diagram (Figure 2.6), while the minimum
stress (σ′min) is the effective stress in horizontal direction. In case of a normally
consolidated and horizontal sand bed the stress in horizontal direction is:

σ′x = K0 · σ′z = (1− sinφ) · σ′z (2.15)

For loose sand a value for K0 (lateral earth pressure coefficient) is used of 0.6 (φ
= 25◦), while for dense sand a value of 0.4 (φ = 35◦) can be used (Lubking, 2004).
The combination of Equation 2.14 and 2.13 can be used to show the influence of
excess or pore water under pressures. In case the pore water pressure decreases, due
to for instance dilatancy during shearing, the effective stress increases, resulting in
a higher resisting shear stress at failure. Excess pore water pressures will result in
a lower effective stress, hence reducing the resisting shear stress.
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Figure 2.6: Mohr-circle determining the stable and instable stress regions

Angle of internal friction
For granular material (sand) the cohesion is practically 0 and the angle of internal
friction ranges between 25◦ (loose fine sand) and 45◦ (very dense coarse sand).
Numerous empirical relations exist to determine the angle of internal friction of
sand. In these relations the angle of internal friction depends mainly on the relative
density. Other grain properties influencing the angle of internal friction are grain
size, coefficient of uniformity and angularity. The relative density influences the
effective angle of internal friction between the grains because the closer the grains
are packed the higher the effective friction between the grains. Lubking (2004)
has presented a relation between the angle of internal friction, relative density and
coefficient of uniformity:

φ = 33− 3
Cu

+
(

15− 4
Cu

)
·Re (2.16)

Resistance to a shear stress
The effect of a horizontal shear stress on a horizontal sand bed can be determined on
the basis of Equation 2.13. Due to this load a layer of thickness hs will be sheared
(Figure 2.7). The thickness of the sheared layer (hs) depends on the effective vertical
stress increasing as function of the depth (h) below the surface of the sand bed:

σ′z = h · (ρi − ρw) · g (2.17)

 

τ 

hs (sheared layer) 

top sand bed 

Figure 2.7: Definition sheared layer
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in which ρi is the in-situ density of the sand bed. Combining Equation (2.13)
and (2.17) reveals a solution for hs, assuming c = 0:

hs = τ

(ρi − ρw) · g · tanφ (2.18)

Resistance to a normal stress
The resistance to failure as a result of a normal stress exerted on a flat sand bed was
described by Rankine (Lambe and Whitman, 1969). It is assumed that the failure
zone is made up of two separate wedges (Figure 2.8a):

• active wedge I, which is pushed downward and outward;

• passive wedge II, which is pushed outward and upward.

 

wedge I 

σp 

45 + φ/2 

wedge II 

45 - φ/2 

A 

B 

(a)

 

wedge I 

σp 

wedge III 

transition 

zone II 

(b)

Figure 2.8: Solution of Rankine (a) and Prandtl (b)

The solution of Rankine (Figure 2.8a) underestimates the maximum resistance to
a vertical strip load because the actual failure zone is curved instead of bounded by
two straight lines and the shear stress along the line AB is neglected. Prandtl (1921)
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developed a solution to overcome mentioned shortcomings based on two wedges (I
and III) bounded with straight lines and one transition wedge (II) bounded by a
logarithmic spiral (Figure 2.8b). As long as the cohesion is neglected the maximum
stress at failure (σp) due to a normal load, with width B, is (Terzaghi and Peck,
1964):

σp = 0.5 · g · ρi ·B ·Nγ (2.19)

For the solution of Rankine Nγ , bearing capacity factor, is defined as (Terzaghi
and Peck, 1964):

Nγ = 1
2 ·
(
N

5/2
φ −N1/2

φ

)
(2.20)

in which Nφ is:

Nφ = 1 + sinφ

1− sinφ (2.21)

Verruijt (2001) gives a rather accurate approximation for Nγ in case of spiral
shaped wedges (Prandtl):

Nγ = 1.5 ·
(

1 + sinφ

1− sinφ · e
π·tanφ − 1

)
· tanφ (2.22)

The constant (0.5) in Equation 2.19 is valid for a vertical strip load. In case of a
circular load this constant is 0.3, while B is in this case the diameter. For a square
load a value of 0.425 should be be applied (Lambe and Whitman, 1969). In this
case B is the width of the square load.

2.3.4. Shearing: stress-strain rate behavior
Besides the stress-strain behavior, sand exhibits a stress-strain rate behavior at
different concentrations and strain-rates. Widely known are the experiments of
Bagnold (1954) who determined the shear stress of a gravity free dispersion with
grains in a Newtonian fluid. During these experiments solid spherical grains were
sheared in a Newtonian fluid of varying viscosity. Segregation was avoided by bal-
ancing the density of the grains against the density of the fluid. The concentration
(c) ranged between 0.13 and 0.62. The maximum concentration was close to the
maximum concentration of a dispersion of grains in water. The dispersion was
sheared in the annular space between two concentric drums. Despite the fact that
Hunt et al. (2002) have doubted the validity of the results of the experiments, the
experiments of Bagnold (1954) have been cited extensively. Hunt et al. (2002) have
stated that the measurements of Bagnold (1954) were influenced by the design of
the experimental apparatus, causing vortices influencing the measured shear stress.

Bagnold (1956) has defined the shear resistance (τtot) of a sheared grain disper-
sion as the sum of the static shear stress (τs) and the dynamic shear stress (τ ′):

τtot = τs + τ ′ (2.23)
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The static shear stress can be calculated on the basis of the effective stress con-
cept and Mohr-Coulomb model (Section 2.3.3). The dynamic shear stress depends
on the type of regime by which the grains increase the effective viscosity of the
mixture (Bagnold, 1956):

• viscous regime: as a result of presence of a velocity gradient (du/dz) water
must be pressed through the openings between the grains;

• grain-inertia: at high concentrations and shear rates the shear stress arises
from the diffusion of tangential and normal components of grain momenta
created at the collisions.

The results of the experiments of Bagnold (1954) have revealed that the shear and
normal stress of a grain dispersion of different volume concentrations (c) and velocity
gradients (du/dz) are related to the mentioned regimes. The shear and normal stress
are related to the linear concentration (λ). Bagnold (1954) has supposed a mass
of rigid spheres of uniform diameter (d) dispersed uniformly so that the distance
between the centers is b · d. With a resulting distance between the spheres (sp) this
leads to:

b · d = sp + d (2.24)

This can be simplified to:

b = s

d
+ 1 = 1

λ
+ 1 (2.25)

in which the linear concentration (λ) is defined as the quotient of the average dis-
tance between rigid spheres of uniform diameter and the diameter of these spheres.
Rewriting Equation (2.25) shows that the linear concentration approaches infinity
in case the distance between the centers of the spheres is equal to 1 · d, representing
a mass of closely packed rigid spheres comparable to the maximum concentration
of a suspension (cmax):

λ = 1
b− 1 (2.26)

In case the distance between the center of the spheres approaches infinity, the
concentration approaches zero and the linear concentration is equal to 0. The linear
concentration can be related to the volume concentration of the suspension and
maximum possible volume concentration as well as the minimum porosity and in-
situ porosity by:

λ = 1
3
√

cmax
c − 1

= 1
3
√

1−nmin
1−n − 1

(2.27)

The maximum possible volume concentration (cmax) for perfectly piled uniform
spheres is 0.74.
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Viscous regime
In the viscous regime the effects of the fluid viscosity dominate, including the in-
fluence of the grains on the viscosity. For this region Bagnold (1954) derived two
empirical equations for the shear stress in the viscous regime (τ ′v):

τ
′

v = 2.25 · λ 3
2 · ηw ·

du

dz
(2.28)

τ
′

v = (1 + λ) ·
(

1 + 1
2 · λ

)
· ηw ·

du

dz
(2.29)

in which ηw is the dynamic viscosity of water. The difference between both
equations is negligible within the range of values for λ (1.3 to 17) at which the shear
tests were executed by Bagnold (1954). These values correspond to a density of a
dispersion of water and sand between approximately 1200 and 1900 kg/m3. This
means that Equations (2.28) and (2.29) can be used for a concentration of between
approximately 0.1 and 0.6 (assuming a cmax of 0.7), the last being approximately
20% of the maximum concentration. The maximum difference between both equa-
tions is 20%. Bagnold (1954) has considered Equation (2.29) as the most accurate,
also because this equation reduces to ηw · du/dz when λ is 0 (grainless fluid):

τ
′

v = ηw ·
du

dz
(2.30)

Grain-inertia regime
In the grain-inertia regime the failure behavior of the dispersion depends on the
velocity gradient and collisions of the grains. The shear stress in the grain-inertia
regime arises from the diffusion of tangential and normal components of grain mo-
menta created at the collisions. For this region Bagnold (1954) found the following
empirical relation for the shear stress in the grain-inertia regime (τ ′g):

τ
′

g = 0.013 · ρs · (λ · d)2 ·
(
du

dz

)2
(2.31)

It should be noted that at high concentrations (λ approaches to∞) the resulting
shear stress, when using Equation (2.31), approaches to ∞. However, this shear
stress is limited by the maximum shear stress at which a layer starts shearing, see
Equation (2.18).

Transition
The transition between the viscous and grain-inertia regime is based on the ratio be-
tween the grain-inertia and viscous stresses. This is defined as the Bagnold number
N (Bagnold, 1954):

N = inertia stress
viscous stress =

ρs · (λ · d)2 ·
(
du
dz

)2
λ

3
2 · ηw · dudz

=
√
λ · ρs · d2 · dudz

ηw
(2.32)
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Bagnold (1954) has considered that the transition from grain-inertia to viscous
conditions in terms of N ranges from approximately 40 to 450. Below N = 40 the
shear stress is dominated by the viscous shear stress, while at values of N of more
than 450 the shear stress is dominated by the grain-inertia forces. Equation (2.32)
shows that the transition is determined by the concentration and/or porosity and
grain size of the sand as well as the strain rate.

Comparison models of apparent viscosity
Bagnold (1954) has considered Equation (2.29) as the most accurate for the cal-
culation of the dynamic viscosity of concentrated suspensions (ηsus) of (spherical)
grains. However, Equation (2.28) as well as (2.29) differ considerably from other
empirical models relating the relative viscosity (ηsus/ηw) to the concentration, as
the model of Einstein (Einstein, 1906) and (Einstein, 1911):

ηsus
ηw

= 1 + 2.5 · c (2.33)

and other developed empirical relations of Thomas (1965) and Ishii and Mishima
(1984). The empirical relation of Thomas (1965) reads:

ηsus
ηw

= 1 + 2.5 · c+ 10.05 · c2 + 0.00273 · e16.6·c (2.34)

while Ishii and Mishima (1984) has determined the following empirical relation:

ηsus
ηw

=
(

1− c

0.62

)−1.55
(2.35)
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Figure 2.9: Relative viscosity of suspension of particles in a fluid in case of the viscous regime as
determined by Bagnold (1954): Equation (2.28) and (2.29) compared with Equation (2.33), (2.34)
and (2.35), with cmax = 0.65
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Normal stress
Bagnold (1954) measured also the normal stress. The normal stress (σn) reaches
values of about 1.3 · τ ′ in the viscous regime, while in the transition to the grain-
inertia region this value increases to 3 · τ ′, which is also valid for the grain-inertia
region. The validity of these results could be questioned because this means that
the effective friction angle at low concentrations (viscous regime) is higher than in
the grain-inertia regime (37◦ versus 18◦).

2.4. Conclusions
The behavior of a sand bed is determined by the properties of single grains and bulk
properties of the assemblage of the grains. A bulk property, permeability, is highly
influenced by the size of the grains. The resistance of a sand bed to shear or/and
a vertical load is influenced by the angle of internal friction. This bulk property
is influenced by the grain size distribution and angularity of the grains, but is also
highly affected by a bulk property: the density. The density does not only affects
the angle of internal friction. The behavior during shearing, at constant shear rate,
is also influenced by the density of the sand bed. Shearing and/or compression
introduces volume changes, influencing the effective stress between the grains and
the resistance to shear or compression. In case of a sand bed, which is saturated with
water, this introduces the effect of the permeability and density on the resistance
to shear or compression. Little knowledge exists regarding the shear-strain rate
behavior of concentrated suspensions.

Widely known are the experiments of Bagnold (1954). Based on these exper-
iments two shearing regimes are distinguished. At low concentrations of the sus-
pension and low shear-strain rates, the shear stress is dominated by viscous shear
stresses, while at higher concentrations and shear-strain rates the shear stress is
considered to be dominated by grain-inertia forces. However, comparison of the
empirical relations for the shear stresses in the viscous regime, as derived on the
basis of the experiments of Bagnold (1954), with empirical relations for the apparent
viscosity of concentrated suspension show a considerable difference (see Figure 2.9).

Besides, the conclusion that the normal stress reaches values of about 1.3 · τ ′ in
the viscous regime, while in the grain-inertia regime this value increases to 3 · τ ′,
is questionable. This should mean that the effective friction in the viscous regime
is higher than in the grain-inertia regime, while in the viscous regime the concen-
tration is lower than in the grain-inertia regime. Also the effective friction angle in
the viscous regime is very high: 37◦. This value is comparable to dense compacted
sand, which is not the case in the viscous regime. The results of the 1954 suspension
experiments of Bagnold (1954) have been questioned by Hunt et al. (2002). They
have concluded that these experiments were influenced by some secondary circula-
tion and arching at high concentrations, having a significant effect on the torque
measurements.
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Behavior flow over sand bed

3.1. Introduction
The behavior of sand is determined by the behavior of single grains and their bulk
properties, as described in the previous Section. Not only the bulk properties of
sand and the properties of its single grains influence the erosion process, but also
the behavior of the flow over a sand bed. The first step in the comprehension of
the behavior of a flow over a sand bed is the description of the behavior of a flow
along and close to a smooth and rough surface (Section 3.2). At flow velocities of
more than 1.0 m/s the Reynolds number (Re) is in case of hydraulic engineering
much larger than 2300, meaning that the flow conditions are determined by the
turbulent behavior of the flow. Turbulence influences the forces along a rough
surface consisting of (eroding) grains. The shear stress along the surface and parallel
to the flow is determined by the behavior of the flow (Reynolds number), velocity
distribution and the properties (roughness) of the surface.

The effective bed shear stress, exerted by a flow over a sand bed, varies in time
and direction as a result of the turbulent behavior of a flow (Section 3.3). Turbulence
exhibits specific flow patterns (structure) influencing the flow velocity and normal
stress exerted on the top of the bed. Turbulent eddies cause large scale turbulent
wall stress fluctuations acting in perpendicular direction to the flow on the bed.

In case of hardly any pick-up the effective bed roughness or friction is related to
the drag and lift forces a flow exerts on single grains with varying protrusion out of
the sand bed (Section 3.4). Assuming a logarithmic velocity profile, the bed shear
stress is related to the effective bed roughness, which is assumed to be related to
the largest size of the grains in the bed. At mobile-bed conditions, approximately
at a flow velocity of more than 1 m/s, roughness physically does not exist. The
friction along the bed is determined by the flow velocity or Reynolds number and
energy dissipation as a result of grain-grain and grain-fluid interactions. The bed
shear stress is not determined by the roughness of the bottom (size of the grains).

This effect has been intensively investigated during sheet flow conditions (Section
3.5). Dohmen-Janssen (1999) stated that during sheet flow conditions the average
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bed shear stress is a measure for the energy dissipation close to the sand bed, due to
grain-grain and grain-fluid interaction. Beside this effect on the bed shear stress, the
shear stress is influenced by the changing flow velocity profile close to the bed: from
logarithmic to linear. Explicit equations for the determination of the bed shear
stress during these flow conditions do not exist. These equations are based on a
apparent bed roughness having no physical meaning.

Section 3.6 discusses the main findings regarding the (effective) bed roughness,
forces on separate grains, effect of turbulence and sheet flow.

3.2. Boundary layer
The concept of the boundary layer implies that a flow with a high Reynolds num-
ber (Re > 2300) can be divided into two unequally large regions (Schlichting and
Gersten, 1999). In the bulk of the flow region, the viscosity can be neglected and
the flow is not influenced by friction: the inviscid outer flow. The second region
is the very thin boundary layer (δ) at the wall where the viscosity must be taken
into account. As a result the flow velocities decrease close to the bottom (van Rijn,
2008). Within the boundary layer the flow can be viscous and/or turbulent.

3.2.1. Development boundary layer
Generally, the thickness of the boundary layer is defined as the distance from the
boundary surface to the point where u (z) = 0.99 ·umax, with u(z) = time-averaged
horizontal flow velocity at a level z above the surface and umax = time-averaged
maximum outer flow velocity. The generation of a boundary layer can be demon-
strated by considering a flow along a flat smooth plane of finite length. Large shear
stresses are generated at the plate surface, when the fluid reaches the beginning of
the plate. The fluid velocity at the plate surface is zero and the velocity of the
fluid above is retarded because of the action of viscous shear in the fluid. For some
longitudinal distance, the flow within the boundary layer is laminar due to the dom-
inating viscous shear stresses (viscous layer). Downstream of the viscous layer, the
flow will become unstable and eventually will become turbulent (Figure 3.1). At
this location the viscous boundary layer starts decreasing in thickness.

The boundary layer thickness increases in the flow direction along a surface. The
transition from laminar to turbulent flow depends on the roughness of the surface
and the velocity and turbulence level of the approaching flow. The boundary layer is
laminar close to the leading edge and becomes turbulent further downstream. The
thickness of the viscous boundary layer depends on the length of the flow along a
flat plate, maximum flow velocity and kinematic viscosity (Schlichting and Gersten,
1999):

δ (x) = 5 ·
√
νw · x
umax

(3.1)

The dimensionless viscous boundary layer thickness related to the total length
(l) along the surface is:
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Figure 3.1: Generation of a boundary layer with ue is umax (van Rijn, 2008)

δ (x)
l

= 5√
Re
·
√
x

l
(3.2)

in which Re = umax · l/νw is the Reynolds number related to length l. A larger
Reynolds number leads to a smaller thickness of the viscous boundary layer. In
the limiting case, Re → ∞, the viscous boundary layer vanishes. After a certain
distance the boundary layer becomes turbulent. The transition from viscous to
turbulent flow is most noticeable by a large increase in the boundary layer thickness
(Figure 3.1) and wall shear stress. The critical Reynolds number (Rex,crit) related
to the distance of the transition point is about:

Rex,crit =
(
u · x
νw

)
crit

= 5 · 105 (3.3)

Below a value of Rex,crit of 2 · 105 to 5 · 105 the flow in the boundary layer is
laminar (Figure 3.2). The thickness of the turbulent boundary layer is (Schlichting
and Gersten, 1999):

δ · umax
νw

= 0.14 · Rex
lnRex

·G (lnRex) (3.4)

in which Rex is the Reynolds number as function of x. The function G(ln Rex)
depends weakly on ln (Rex). It has a limiting value of 1 for ln Rex → ∞. In
the region of 105 < Rex < 106 G ≈ 1.5. The turbulent boundary layer thickness
decreases at a given x with increasing Reynolds number. Figure 3.2 shows the
transition between the viscous and turbulent boundary layer and gives a graphic
presentation of Equations (3.2) to (3.4).
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Figure 3.2: Dependence of the boundary layer thickness on the distance along a surface at zero
incidence (Schlichting and Gersten, 1999)

3.2.2. Viscous or turbulent boundary layer
In viscous boundary layers, the boundary layer is the region in the flow field affected
by the viscosity (Schlichting and Gersten, 1999). The flow is laminar and the friction
is determined by the viscosity. Above this layer the turbulent logarithmic boundary
layer exists. The friction in this layer is determined by the turbulent fluctuating
motion and is unaffected by the viscosity of the fluid. These layers are separated by
a transition layer (Figure 3.3).
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Figure 3.3: Viscous and turbulent boundary layers for a smooth bottom with u∞ = umax (van
Rijn, 2008)

A sand bed can be considered as a rough bottom of which the roughness elements
(sand grains) influence the velocity distribution close to the bottom, because the
roughness elements generate eddies with a size of the order of the height of the
roughness elements affecting the turbulent structure and hence the velocities close
to the bottom. The type of flow regime depends on the ratio of the Nikuradse
roughness (ks) and the length scale of the viscous boundary layer (νw/u∗) according
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to (van Rijn, 2008):

• hydraulically smooth flow, for u∗ · ks/νw ≤ 5 the roughness elements are
much smaller than the thickness of the viscous boundary layer. The velocity
distribution is determined by the viscous boundary layer;

• hydraulically transitional flow, for 5 < u∗ ·ks/νw < 70 the velocity distribution
is affected by the viscosity as well as by the bottom roughness;

• hydraulically rough flow, for u∗ ·ks/νw ≥ 70 the roughness elements have larger
dimensions than the thickness of the viscous boundary layer and therefore
determine the velocity distribution.

in which the bed shear velocity (u∗) is defined as:

u∗ =
√
τb
ρw

(3.5)
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Figure 3.4: Hydraulically smooth (a) and rough (b) flow (van Rijn, 2008)

in which τb is the bed or boundary shear stress.

Hydraulically smooth flow
As long as the flow is considered as a hydraulically smooth flow the velocity dis-
tribution at the bottom is determined by the viscous boundary layer (Figure 3.4).
The velocity distribution is linear and this distribution intersects the logarithmic
velocity distribution at u∗ · z/νw = 11.6. The thickness of the fully viscous sublayer
is defined at the level where the velocity distributions starts to deviate from the
linear velocity distribution: 5 · νw/u∗ (Figure 3.5). The level at which the flow
velocity is zero (z0) is defined as: 0.11 · νw/u∗.
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Hydraulically rough flow
Within the scope of this thesis the roughness elements are larger than the thickness
of the viscous boundary layer. The flow can be defined as a hydraulic rough flow.
In this case the velocity distribution in the turbulent boundary layer is determined
by the turbulent logarithmic layer. The velocity distribution is logarithmic in this
layer. The logarithmic velocity distribution is valid from values of u∗ · z/νw > 30
(approximately 150 · z0) and valid up to z ≈ 0.2 · h and yields for hydraulically
rough flow:

u (z)
u∗

= 1
κ
· ln

(
z

ks

)
+ 8.5 = 1

κ
· ln

(
30 · z
ks

)
(3.6)

in which κ = constant of von Karman (0.4). Above z ≈ 0.2 · hf (hf is flow
depth) the logarithmic distribution can be used as an approach for the velocity
distribution.
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Figure 3.5: Velocity distribution in a steady uniform flow over a smooth bottom (van Rijn, 2008)

The level at which the velocity is zero (z0) depends in the hydraulically rough
regime on the Nikuradse roughness (Figure 3.6):

z0 = 0.033 · ks for
u∗ · ks
νw

≤ 70 (3.7)

Equation (3.7) is based on measurements of a flow over sand grains glued to a flat
bed, while for a bed with randomly placed stones, the value can increase up to a value
of z0 ≈ ks/10. This zero-velocity level is a computational parameter without any
physical meaning and can be determined by smoothing out the roughness elements
(spheres with diameter d). This delivers a plane at a level of 0.74 · d above the
bottom of the spheres. The zero-velocity level can also be determined by plotting
the values of (z − z0) /z0 on semi-logarithmic scale and vary z0 until the best fit is
obtained. This method yields for z0 (below the top of the grains) values of ≈ 0.25 · d
for grains of sand and gravel size. Hofland (2005) has concluded that this theoretical
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Figure 3.6: Velocity distribution and level of zero-velocity in hydraulically smooth (a) and rough
(b) flow (van Rijn, 2008)

level varies from 0.35 · d to 0.15 · d under the top of the roughness elements (Figure
3.7).
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Figure 3.7: Definition of zero-velocity level and level at which z = 0

3.3. Turbulence
Flow velocities fluctuating in all directions characterize turbulence (Section 3.3.1).
It exhibits specific flow patterns (structures) influencing the flow velocity and normal
stress, exerted by the flow on the top of the bed or surface (Section 3.3.2). This flow
pattern leads to fluctuations of the normal stress on the bed, which are caused by
turbulent eddies (Section 3.3.3), with a length scale as described in Section 3.3.4.

3.3.1. Characteristics
A typical phenomenon of a turbulent flow is the fluctuating character of the velocity
at a location (Figure 3.8). Reynolds has proposed to represent the instantaneous
velocities û, v̂ and ŵ as (van Rijn, 2008):
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û = u+ u′

v̂ = v + v′

ŵ = w + w′
(3.8)

in which u, v and w are respectively the time-averaged local horizontal, trans-
verse and vertical flow velocity, while u′, v′ and w′ are respectively the deviation
of the horizontal, transverse and vertical flow velocity from the time-averaged flow
velocity as function of time.
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Figure 3.8: Variation of instantaneous velocity in time (van Rijn, 2008)

The turbulence intensity in a point is a measure of the strength or intensity
of the velocity fluctuations in that point and is defined as the root-mean-square
(rms) value of the velocity fluctuations. Applying this definition, the turbulence
intensity is the standard deviation (σu,v,w) of the velocity distribution around the
time-averaged (mean) flow velocity:

σu,v,w =
√∫

u′, v′, w′dt

t
(3.9)

in which t is the time. Nezu and Nakagawa (1993) have given an expression for
the turbulent kinetic energy (ke) at a location:

ke = 0.5 ·
[
σ2
u + σ2

v + σ2
w

]
(3.10)

The standard deviation of the velocity components is (Hofland, 2005):

σ (ui)
u∗

≈ αi · e−z/hf (3.11)

The values for the empirical factor αi are: αu = 2.30, αv = 1.27 and αw = 1.67.
The flow near a rough bed is more isotropic than close to a smooth bed (Hofland,
2005). 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 boundary sublayer most turbulence statistics are rather
similar for smooth and rough beds (wall similarity).
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3.3.2. Structure
Whether the flow is turbulent or laminar depends on the magnitude of the Reynolds
number (Schlichting and Gersten, 1999). The Reynolds number is, in essence, a
ratio between the inertial and viscous forces. When the Reynolds number is low,
the viscous forces will dampen out instabilities introduced into the laminar sublayer
and the flow will remain laminar. At high Reynolds numbers the effects of the
viscous forces are negligible to the effects of the inertial forces. The viscous forces
can no longer dampen the effects of the instability in the viscous sublayer. The
inertial forces therefore overcome the viscous forces and the viscous sublayer becomes
unstable.

Turbulent flows are highly variable and chaotic. However, certain similar flow
patterns can be observed repeatedly, the so-called coherent structures (Kline et al.,
1967). Figure 3.9 shows the process in which turbulence and fluctuating normal
stresses are generated at the boundary due to instabilities in the viscous sublayer
(Annandale, 2006). Starting with a stable laminar sublayer (1), instabilities will
occur in the viscous sublayer forming an undulating sublayer surface (2). When
the Reynolds number is low the viscous forces will dampen the instabilities. If the
Reynolds number is high enough the instabilities will grow due to the greater inertial
forces leading to the formation of hairpin vortices (3).

 

Figure 3.9: Description of turbulence along a boundary (Annandale, 2006)

The apex of the hairpin vortices are lifted upwards, creating a space between
them and the boundary. As a result water will flow in from behind and above, which
happens at large velocities: high velocity sweeps (4). These high velocity sweeps
cause impact zones with high normal stresses on the boundary (5). As the hairpin
vortex develops further, the central apex breaks loose (6). This results in eddies
moving in all directions. If an eddy collides with the boundary, it results in zones
with a low normal stress (7).

Between the legs of the hairpin, which forms two smaller counter-rotating, stream
wise vortices near the wall, elongated low momentum streaks (low-velocity streaks)
are formed (8), with a typical spanwise spacing for a smooth wall of λz ≈ 100 ·νw/u∗
(Hofland, 2005). This process has a smaller scale than for a rough bed consisting of
sand. If parts of the viscous sublayer still exist, their downstream ends will attach
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to the top of that layer. These vortices are characterized by low normal stresses due
to the suction within the vortices, moving sediment from the bed and spew it out
into the flow above. These effects lead to relative strong fluctuations of the normal
stress on the boundary.

Yue et al. (2007) used a quadrant analysis to describe the different events during
turbulence (Figure 3.10). The events in quadrant 2 and 4 are usually called ejections
and sweeps and both are involved in turbulence near-wall bursting. Sweeps, having
a downward flow velocity, are seen to be the largest contributor to the Reynolds
stress near rough walls (Hofland, 2005).
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Figure 3.10: Quadrant events (Yue et al., 2007)

Figure 3.11 shows hairpin vortices, originating from the bed, along straight lines
forming hairpin vortex packages. These structures were measured in gravel-bed
rivers with Reynolds numbers of approximately 140.000. The large scale wedge like
flow structures with either increased or decreased velocity were present over most
of the depth, with a front tilted in stream wise direction with an average angle of
15◦ near the bed and 40◦ towards the surface (Buffin-Bélanger et al., 2000).

Tomkins (2001) measured hairpin vortex packages over a rough wall with bound-
ary particle Reynolds numbers (Rep = (u∗ · d) /νw) between 200 and 400. The pack-
ages had upstream slopes of approximately 10 to 20◦. The maximum length scale in
the stream wise correlation was 0.6·δ. Grass and Mansour-Tehrani (1996) concluded
that the spanwise spacing of these structures near rough walls is λz ≈ 100 · νt/u∗ in
which νt represents the turbulent viscosity.

3.3.3. Turbulent normal wall stress
Stress fluctuations caused by turbulent vortices can contribute considerably to the
forces that initiate the motion of grains. These are known as turbulent normal wall
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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

Figure 3.11: Model of hairpin vortex package (Hofland, 2005)

stresses. According to Hofland (2005) only one author presented measurements of
turbulent wall stresses on a rough wall: Blake (1970). The scaling and shape of the
spectrum appeared to be similar for smooth and rough walls. However, the length
scale of the high frequency part of the rough wall spectrum is the roughness height
instead of the viscous length scale (ν/u∗).

Doligalski et al. (1994) have illustrated the turbulent wall stresses by a rectilinear
model vortex in a uniform potential flow over a surface (Figure 3.12), which can be
seen as a rough approximation of a vortex in a turbulent flow. Doligalski et al. (1994)
have placed a point vortex with strength (circulation) ω in a uniform flow with
velocity U0, inducing a velocity ω/r at distance r from the vortex. The convection
rate (Uc) of the vortex is U0 − ω/ (2 · a), in which a is the distance of the vortex
from the wall. In a frame of reference moving with the vortex, the resulting flow
is stationary, and the normal wall stress can be determined using Bernoulli’s law,
p′ = 1/2 · ρw · ŵ2, yielding:

p′ = ρw ·
κ2

a2 ·
X2 − 1

(X2 + 1)2 (3.12)

in which ŵ is the flow velocity in vertical direction close to the wall, x is the
distance along the wall and X = x/a. The resulting stress gradient creates a net
force on a stone placed in a bed. Hofland (2005) has shown that the stress between
the dashed lines is higher on the upstream side (left) than on the downstream side,
creating an increased horizontal force component in relation to the drag forces as a
result of the average flow velocity (Figure 3.12).

However, according to Blake (1970) the turbulent normal wall stress (p′) for both
smooth and rough walls are related to the wall shear stress (τw). The root mean
square stress is approximately: √

p′2 = 3.4 · τw (3.13)
Farabee and Casaralla (1991) investigated the turbulent normal wall stress be-

neath a turbulent boundary layer in a wind tunnel. For boundary layer Reynolds
numbers (Reδ) of less than 333 the normal wall stress can be determined according
to:
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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

ω

ω
ω

Figure 3.12: Streamlines, turbulent normal wall stress and stress field on bottom (Doligalski et al.,
1994), as illustrated by (Hofland, 2005)

σ

(
p′2

τ2
w

)
= 6.5 (3.14)

and for a boundary layer Reynolds number of more than 333 the turbulent
normal wall stress depends on this Reynolds number:

σ

(
p′2

τ2
w

)
= 6.5 + 1.86 · ln (Reδ/333) (3.15)

in which Reδ is defined as: δ·u∗
νw

. For boundary layer Reynolds numbers of less
than 333 the ratio between the turbulent wall stress and wall shear stress is about
2 (Figure 3.13).

It should be considered that turbulence does not appear in one specific wave
length and frequency. It appears in a spectrum. The maximum fluctuation of the
turbulent wall stress is three to five times the standard deviation (Hofland, 2005).
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Figure 3.13: Variation of the turbulent normal wall stress (RMS) as function of boundary layer
Reynolds number (Farabee and Casaralla, 1991)

3.3.4. Length scale of turbulence
Besides the value of the turbulent normal wall stress the horizontal length scale of the
turbulence will influence the forces on a flat bed. Figure 3.14 shows a simplified flow
structure according to Hofland (2005). This was used to obtain a relation between
the computed parameters at a certain elevation and the (extreme) velocities that
are subsequently caused near the bed.
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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

Figure 3.14: Model of large scale vortice (Hofland, 2005)

The model of large scale vortices is based on the assumption of large scale vertical
velocity fluctuations at height (z) above the bed which are proportional to

√
k (k =

turbulent kinetic energy) with a horizontal length scale LH . The rolling structure
is assumed to have a vertical size equal to 2 · z. The conservation of mass (z · û′b ≈
0.5 ·LH · ŵ) leads to the following approximate relation for the near-bed horizontal
flow velocity (ûb):

ûb ∝
LH
z
·
√
k (3.16)

As the structure also transports the mean momentum to the bed, Hofland (2005)
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has posed that the following velocity estimate can be used:

ûb ∝
LH
z
·
(
u+ α ·

√
k
)

(3.17)

in which 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 α ·

√
k, in which α is a calibration factor. Jongeling et al. (2003) found

for α a value of 6.
A measure for the length scale of the turbulence (LH) is the mixing scale Lm

according to the Bakhmetev distribution. This scale is not dependent on the cal-
culated turbulence field and is derived for a uniform open-channel flow assuming a
logarithmic velocity profile and a linear shear stress distribution. The Bakhmetev
scale is defined as:

Lm = κ · z ·

√
hf − z
hf

(3.18)

It is expected that the Reynolds number will be of influence on the horizontal
length scale of the turbulent vortices, giving an indication that Equation (3.18)
is a large simplification of the real turbulent behavior (Hofland, 2005). However,
no direct equations are available giving a better understanding and view on the
turbulent behavior of turbulent flows.

Xie and Castro (2008) calculated length scales of turbulent vortices (Large Eddy
Simulations: LES) with direct numerical simulations (DNS) based on the Navier-
Stokes equation including the normal logarithmic average velocity distribution. The
results of these simulations are presented in Figure 3.15. Xie and Castro (2008) has
considered hf as half the total flow height, because their is based on calculations
applicable for pipeflow. The results of these numerical simulations are shown in
Figure 3.15, in which hf is considered as the total flow height. The dots in the figure
show that the horizontal length scale depends on the direction of the velocity it is
representing. The length scale in horizontal direction is twice the length scale related
to the vertical and transversal length scale. The results of these LES simulations
differ from Equation (3.18). At the bottom and top of the flow the Bakhmetev
length scale is zero. However, the calculated length scale according to Figure 3.15
is close to the length as determined by the numerical simulations of Xie and Castro
(2008).

3.4. Shear stress along a granular bed
In fact the bed shear stress represents the surface- and time-averaged forces ex-
erted/experienced by a flow over a granular bed. Due to turbulence this force varies
in time and space, while different properties of the bed affect the actual force: pro-
trusion of the grains above the bed, size and shape of the grains, while the roughness
of the surface plays also a major role. As a result separate grains experience forces
in two directions: parallel to the direction of the flow (drag force) and perpendicular
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Figure 3.15: Integral length scales (Xie and Castro, 2008)

to the direction of the flow (lift force). The forces acting on single grains (lift and
drag forces) are described in Section 3.4.1.

In case of a hydraulically rough flow the relation between the energy gradient
and/or hydraulic head and the resulting flow velocity (distribution) and bed shear
stress is determined by the flow resistance of the granular bottom. The calculation
of the flow resistance is based on empirical expressions which give a more or less
theoretical value of the resistance of the flow along a granular bed. There is no
direct theoretical approach for the determination of the flow resistance. The flow
resistance or bed shear stress depends on the depth-averaged flow velocity (U),
hydraulic radius (Rh) and roughness of a granular bed (ks) and are assumed to
act in a direction parallel to the wall or sand bed. An example of a model with
which the time-averaged horizontal bed shear stress along a granular bed can be
calculated is the Chézy coefficient. The Chézy coefficient is based on an effective
bed roughness and is a measure for the average friction of a flow along the bed. This
approach is valid as long as there is hardly any erosion (Section 3.4.2), while the
effective friction in case of a moving or eroding sand bed is considered to be related
to a fictitious bed roughness. A widely used approach is described in Section 3.4.4.

3.4.1. Forces on single grains
The drag coefficient for spheres depends on the particle Reynolds number. However,
due to the surface roughness and angularity of grains this coefficient changes for
natural grains. Besides this an accelerating grain causes acceleration of the flow
around the grain. This effect is known as the added mass force. Besides forces in
the direction of the flow, the grains experience a lift force in vertical direction.

Drag force on spheres
The drag force (FD) on a grain is expressed as :

FD = 1
2 · CD · ρw ·Ag · U

2 (3.19)
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in which Ag is the surface area of a grain. The drag coefficient (CD) on a
sphere depends on the particle Reynolds number (Rep = U · d/νw) (Schlichting
and Gersten, 1999). At low particle Reynolds numbers (Rep) the inertial forces are
negligible compared to viscous forces. The flow around a grain is laminar and is the
resistance is dominated by viscous stresses (Stokes regime). At particle Reynolds
numbers of more than 1000 the viscous forces are negligible to the inertial forces.
The flow around a sphere is turbulent (Newton regime). In between the Stokes and
Newton regime a transition regime is present (Figure 3.16). At a particle Reynolds
number of more than 250.000 the drag coefficient decreases due to flow separation
and/or vortex shedding (drag crisis).
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Figure 3.16: Drag coefficient (CD) for a sphere as a function of the particle Reynolds number
Schlichting and Gersten (1999)

Drag force on natural grains
The drag coefficient of natural grains deviates from that of spheres. The grain shape
and surface roughness affect the drag coefficient (Wu and Wang, 2006). Based
on several (semi)-empirical relations the drag coefficient can be approximated by
(Figure 3.17):

CD =
[(

P

Rep

)1/n
+R1/j

]j
(3.20)

in which P , R and j are empirical coefficients which are slightly different based
on research of different authors and depend on the shape of the grains. Figure 3.17
shows the influence of the shape of grains on the drag coefficient. This is factor can
be described by the so-called Corey shape factor, see Equation (2.1).

The shape factor (Sf ) of natural sediments/grains is considered to be approxi-
mately 0.7. For grains with a shape factor of 0.7 the following values are found for
the empirical coefficients of Equation (3.20): P = 33.9, R = 0.98 and j = 1.33. The
relationship between CD and the particle Reynolds number according to Equation
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(3.20) including the mentioned empirical coefficients for natural grains is presented
in Figure 3.18.
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Figure 3.18: Drag coefficient as function of the particle Reynolds number for natural grains as
based on Equation (3.20) according to Wu and Wang (2006)

For a shape factor of 1.0 Equation 3.20 describes a relation between the drag
coefficient and particle Reynolds number deviating slightly from the relation of
spheres as presented in Figure 3.16. The reason is that naturally worn grains with a
Corey shape factor of 1.0 may not be spheres and the angles and surface roughness
also affect the drag coefficient.

Dynamic drag
An accelerating grain, relative to the flow, results in acceleration in some amount
of the fluid surrounding the grain. This causes an extra resisting force on the grain
(Hofland, 2005), besides the effect of drag as describe above. This phenomena is
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modeled as an imaginary volume of fluid moving with the grain: the added mass.
This effect is expressed with the added mass coefficient (Cm). The added mass is
incorporated in the equation for the total force on a grain with a volume (Vg) by
considering a fictitious mass consisting of the mass and the added mass, including
the effect of the velocity of the grain itself (vg):

F = ρw · Vg ·
Du

Dt
+ ρw · Vg · Cm ·

(
Du

Dt
− dvg

dt

)
(3.21)

Dû/Dt is defined as the material derivative moving along with the fluid (La-
grangian). This derivative is defined as:

Du

Dt
= dû

dt
+ u · ∂û

∂x
+ v · ∂v̂

∂y
+ w · ∂ŵ

∂z
(3.22)

Lift force on a grain
When a sphere is surrounded by a flow with a velocity gradient normal to the flow
direction, the velocity difference over the spheres results in a lift force (Hofland,
2005). Besides the effect of a vertical velocity gradient, vortex shedding from an
object in free shear flow can also give rise to large lift force fluctuations. The exact
interaction of these two mechanisms, the influence of a wall and the importance for
non-spherical particles on a bed however is not yet understood. The equation for
the lift force (FL) has the same form as Equation (3.19) for the drag force:

FL = 1
2 · CL · ρw ·Ag · U

2 (3.23)

Marsh et al. (2004) has given an overview of different measurements of the lift
coefficient (Figure 3.19). The scatter of the data is considered to be the result
of the grain configuration (exposure level of the grain) and force measuring tech-
niques during the different experiments. Vollmer and Kleinhans (2007) has given
an approximation of the lift coefficient (CL) as function of the roughness Reynolds
number (Re∗ = u∗ · ks/νw), which was based on the data of Coleman (1967):

CL = −10.5
Re∗

Re∗ < 5

CL = −24
Re∗

+ 4
Re0.7
∗

+ 2.3
Re0.3
∗

5 <Re∗ < 200

CL = 0.45 Re∗ > 200

(3.24)

This function is based on uniform spheres fully exposed to an approaching flow
for plane beds and time averaged values of the flow velocity. It should be noted that
the data of the presented experiments does not match well with Equation (3.24).
This difference possibly could be explained by the fact that Vollmer and Kleinhans
(2007) use Equation (3.24) to determine the criterion for incipient motion. This
criterion should not be based on the average value but on the maximum possible
value of the lift coefficient. Figure (3.24) shows that the lift force is negative (exert-
ing a downward force on the particles) for roughness Reynolds numbers of less than
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Figure 3.19: Measured lift coefficient as function of the boundary Reynolds number (Marsh et al.,
2004) in comparison with Equation 3.24 of Vollmer and Kleinhans (2007)

approximately 15. This transition can be explained by the presence of a viscous
boundary layer at these roughness Reynolds numbers (Miedema, 2010). At higher
Reynolds numbers the boundary layer is turbulent and the lift coefficient is positive.
However for grains with a size of for instance 100 µm (ks is approximately 200 µm)
this effect appears at flow velocities of less than 1 m/s which is not relevant in case
of the erosion at high flow velocities.

Ling (1995) has described the lift force as the sum of the Saffman force or shear
lift (Fs), the Magnus force or spin lift (Fm) and the centrifugal force (Fc) in which:

Fs = αs · ρs · ν0.5
w · d2 · vg ·

(
du

dz

)0.5
(3.25)

Fm = π · r3 · ρw · ωg · vg (3.26)

Fc = mg ·
(r · ωg)2

2 · r · cosλ (3.27)

in which αs is the Saffman lift coefficient (= 1.615), vg relative velocity between
fluid and grains, r radius of a grain, ωg angular velocity of the sphere, mgmass of
a grain and λ angle between normal force and gravity. The Saffman lift force is
a result of the velocity gradient over a particle (shear effect). The Magnus force
describes the effect of the spinning motion of a grain on the lift force. At incipient
motion Fm and Fc can be neglected because the angular velocity (ωg) will be zero
at this moment. This means that the lift force solely is determined by the Saffman
force (Fs). The relative velocity of the fluid in relation to the velocity of the grain
equalizes the flow velocity in this case.

3.4.2. Friction
The flow resistance determines the relation between the energy gradient and/or
hydraulic head of the flow and the resulting flow velocity. This relation depends
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on the dimensions of the cross-section of the channel or pipe and the roughness of
the bottom and/or conditions along the bottom like the sediment flux across the
top of a sand bed. Based on empirical data for turbulent flow, Chézy proposed the
following formula (van Rijn, 2008) relating the discharge capacity (Q) and hydraulic
gradient:

Q = C ·A ·
√
Rh · i or U = C ·

√
Rh · i (3.28)

The Chézy coefficient (C) can be related to the Darcy-Weisbach coefficient (f)
with:

C2 = 8 · g
f

(3.29)

The bed shear stress (τb) is given by:

τb = ρw · g ·
U2

C2 = f

8 · ρw · U
2 (3.30)

It should be noted that the Chézy coefficient increases for a decreasing ks-value,
meaning that the Chézy coefficient is a "smoothness" coefficient. In this way the
Darcy-Weisbach coefficient is more logic. In case of fully rough flow the influence
of the Reynolds number vanishes. Integrating Equation (3.6) to obtain the average
flow velocity in case of pipe flow yields (White, 2009):

U

u∗
= 2.44 · lnDh

ks
+ 3.2 (3.31)

Combining Equation (3.5) and (3.30) with Equation (3.31) gives a solution for
the Darcy-Weisbach coefficient in case of fully rough flow:

1√
f

= −2.0 · log ks
3.7 ·Dh

(3.32)

Equation (3.32) forms part of the well-known Colebrook-equation (Colebrook,
1939) valid for turbulent smooth and rough flow, valid for Reynolds numbers >
4000:

1√
f

= −2.0 · log
(

ks
3.7 ·Dh

+ 2.51
Re ·
√
f

)
(3.33)

in which Dh is the hydraulic diameter. Equation (3.33) was developed for pipe
flow, in which the roughness is determined by the roughness of the material of the
pipe. However this equation could also be used in case of pipe flow in which a none
or almost non eroding sand bed is present. Another assumption of this equation is
that the velocity distribution of the sand bed is logarithmic.
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3.4.3. Bed friction dependent of grain size
Nikuradse introduced the concept of an equivalent sand roughness height (ks) to
simulate the roughness of arbitrary roughness elements of the bottom boundary. The
effective bed roughness consists of grain and form roughness. The grain roughness is
generated by skin friction forces, while form roughness is generated by normal forces
acting on the bed forms (van Rijn, 1993). The grain roughness is the roughness of
individual moving or non-moving sediment grains as present in the top layers of a
movable or non-movable natural plane bed. In case of a none or hardly eroding sand
bed, the total flow resistance is related to the time-averaged horizontal force on all
the sand grains at the top of the sand bed. The dimensions and protrusion of the
grains are a measure for the roughness height, which is mainly related to the size of
the largest grains (d90) at the top layer of the bed:

ks = c1 · d90 (3.34)
in which d90 is the size at which 90% of the grains is smaller. van Rijn (1993)

has proposed for c1 a value of 3, although his analysis of 120 sets of data showed a
range of 1 to 10 for c1 (d50 between 130 and 5,000 µm).

3.4.4. Friction independent of grain size
Equation (3.34) is valid during flow conditions with hardly any erosion: Shields
parameter (θb = τb

d50·g·(ρs−ρw) ) < 0.5 to 1.0. Measurements at higher values of θb (>
0.5 to 1.0) show that Equation (3.34) is not valid anymore during these flow con-
ditions. Dohmen-Janssen (1999) made an extensive literature overview of different
expressions, based on experiments during sheet flow conditions, to determine the
roughness height. These expressions all look like:

ks
d50

= c2 · θb (3.35)

Equation (3.35) is an implicit empirical relation, because the roughness height
(ks) determines the friction and thus is directly related to the bed shear stress.
According to Dohmen-Janssen (1999) the constant (c2) in Equation (3.36) ranges
between 3 and 430. The most well-known expression is that of Wilson (1989) assum-
ing c2 = 5. Equation (3.36) shows that at relative high flow velocities the roughness
height is independent of the grain size and is determined by the flow conditions,
represented by the bed shear stress (Figure 3.20):

ks = c2 ·
τb

(ρs − ρw) · g (3.36)

Miedema and Ramsdell (2016) and Camenen and Larson (2013) have concluded
that Equation 3.35 have to be solved by iteration, because the Shields parameter
depends on the relative roughness through the Darcy-Weisbach friction coefficient.
Equation can be solved also numerically and has theoretically three solutions or one
solution. However, one solution (ks > 14.8 · Rh) is physically incorrect (Miedema
and Ramsdell, 2016). This means that two or no solutions are left, thus the use of
3.35 is questionable. An direct explicit equation is necessary.
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Figure 3.20: Grain and Reynolds dominated roughness height and shear stress for a breach width
of 20 m and water depth in the breach of 2 m

Equation (3.36) should be used also with care, because in some occasions the
calculated roughness height is larger than the dimensions of the test equipment.
This means that the roughness height has no physical meaning in case of a flow over
an eroding or moving sand bed. The bed roughness should not be considered as a
measure for the thickness of the disturbed bed or sheet flow layer. The bed roughness
is only a measure for the energy dissipation close to the eroding bed, due to grain-
grain and grain-fluid interaction (Dohmen-Janssen, 1999). Besides this Equation
(3.32) is only applicable in a flow field with a logarithmic velocity profile, while the
velocity profile in the sheet flow layer (high density slurry) close the stationary bed
can be considered as linear (Pugh and Wilson, 1999).

A more specific explanation for the effect of suspended grains on fictitious rough-
ness height is given by van Rijn (1993). High concentrations and high flow velocities
cause interaction of the flow with the grains in the near-bed region. The grain ve-
locities are greatly suppressed by collisions with the bed and with each other. This
results in a relatively large difference between the overall fluid velocity and grain
velocity (slip). The associated fluid drag forces are the driving forces of grain mo-
tions. Conversely, these drag forces are reducing the fluid velocity, which can be
interpreted as a shear effect additional to the fluid shear. This effect on shear has
been investigated by Bagnold (1954) and resulted in the definition of a viscous and
grain-inertia regime (see Section 2.3.4).

Equation (3.35) and Figure 3.20 show that the effective Darcy-Weisbach friction
factor in case of sheet flow or a highly eroding sand bed increases as function of
the depth-averaged flow velocity. Due to a larger flow velocity more grains are
suspended in the flow close to the bottom leading to higher energy losses and effective
friction as a result of grain-grain and grain-fluid interaction. In case of a non-eroding
or almost non-eroding sand bed the friction decreases as the depth-averaged flow
velocity increases (increasing Reynolds number). However, this does not result in
a lower bed shear because the relative increase of the squared value of the depth-
averaged flow velocity is larger than the decrease of the friction at an increasing flow



3.5. Sheet flow

3

47

velocity.

3.5. Sheet flow
Sheet flow is considered as the transport of sand in thin layers close to the bed
in which the sediment concentration is very high (Dohmen-Janssen, 1999). Sheet
flow conditions occur during pipe flow but also during storms when wave conditions
cause strong near-bed oscillating flows, such that ripples are washed out and sand
is transported in a thin layers close to the bed. The transport of sand during sheet
flow is assumed to occur at a Shields parameter (θb) of more than 0.5 to 1. For sand
with a grain size of between 50 and 500 µm this is comparable to the flow regime
during flow velocities of more than 1 m/s.

An overall description of the physical processes during sheet flow is given in
Section 3.5.1. In the description of sheet flow the thickness of the layer comprising
sand grains at the maximum shear stress or Shields parameter is an important
parameter in the description of the sediment transport process. Different definitions
exist for this layer (Section 3.5.2). The concentration and/or porosity profile of this
layer is described in Section 3.5.3. It should be considered that the flow conditions
in this layer differ from a logarithmic velocity profile (Section 3.5.4). During sheet
flow conditions the effective bed friction cannot bed determined on the basis of the
equation valid in the regime with θb < 1. Dohmen-Janssen (1999) reviewed different
studies regarding the bed friction during sheet flow conditions. In these studies the
bed roughness is considered to be representative for the thickness of the disturbed
layer of sand, just above the non-moving bed (Section 3.5.5). Based on these findings
it is proposed to distinguish five different regimes, varying in concentration and/or
porosity profile and shear stress model (Section 3.5.6).

3.5.1. Description physical process sheet flow
Gao (2008) has distinghuished two regimes occurring during sheet flow: the saltation
and sheet flow regime. Fig. 3.21(a) shows that in the saltation regime only a few
grains are entrained into the flow. The top layer is partially mobile. As θb increases
more grains are transported as bed load. At a certain critical value of θb all grains
in this layer move as bed load (Figure 3.21(b)). In other words the surface layer of
the bed changes from being partially mobile to being fully mobile. At higher values
of θb multiple layers of grains will be fully mobile (Figure 3.21(c)). Figure 3.22(d)
and (e) show the existence of a laminated layer at values of θb of more than 0.5.
This layer consists of multiple layers shearing over each other: the sheet flow regime.
The saltation regime (pick-up zone) is still applicable at the top of this layer. More
grains will be available for pick-up because the porosity in the top layer increases,
due to the effect of dilatancy, leading to a lower friction resistance of the grains.

Sheet flow during oscillating flow conditions differs from pipe flow. During pipe
flow, sheet flow occurs at a constant velocity and the layer of sand is transported
with a constant thickness in horizontal direction. However, during an oscillating flow
the flow velocity is increasing and decreasing and changes in direction. During an
increasing flow velocity grains start shearing and move in upward direction, leading
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sheet-flow regime is particularly important for sediment transport
in coastal and fluvial environments �e.g., Nadaoka and Yagi 1991;
Fredsoe 1993; Kinfu and Quick 1994; Ribberink and Al-Salem
1994; Li and Amos 1999; Nihei et al. 1999; Hsu et al. 2003�
because it is associated with extraordinarily high sediment trans-
port rates that may drastically alter coastal and fluvial landforms,
severely damage engineering structures, and pose a threat to
human life and property. It would therefore be valuable to under-
stand the hydraulic conditions that distinguish the transport pro-
cess in the sheet-flow regime from that in the saltation regime.

The inception of sheet flow coincides approximately with the
development of an upper-regime plane bed �Drake and Calantoni
2001�. Hill et al. �1969� showed in a series of flume experiments
that an upper-regime plane bed is achieved at �=0.56, whereas
Wang and White’s �1993� analysis indicated that it can be devel-
oped at a � value as low as 0.4. Sumer et al. �1996� reported that
in their experiments sheet flow commenced at �=0.6. In contrast,
Nnadi and Wilson �1995� argued that the transition between the
saltation and sheet-flow regimes is located at ��1. Thus, flume
experiments suggest that the sheet-flow regime begins at � values
between 0.4 and 1. The uncertainty on the value of � at the onset
of the sheet-flow regime hinders further understanding of the
regime.

Other studies exist that contain related aspects of the problem.
For example, Murphy and Aguirre �1985� developed different hy-
draulic conditions for the prevalence of bed load and suspended
load. van Rijn �1986� established empirical equations that can be
used to reasonably predict both bed-load and suspended-sediment
transport rates. Zhang and Cundy �1987� studied bed-load trans-
port in laminar overland flow. Julien and Raslan �1998� investi-
gated the hydraulic properties of sediment-laden flow with the
upper-regime plane bed. Wren et al. �2005� examined the lateral
and longitudinal variability of suspended-sediment concentration.
Wilson �2005� discussed the hydraulic conditions under which
grains moving as bed load begin to suspend. However, none of
these studies helped to clarify the boundary between the saltation
and sheet-flow regimes.

In this paper a theoretical model is developed that yields an
equation for predicting the boundary between the saltation and
sheet-flow regimes. The validity of this model is then investigated
in two ways: �1� by comparing the model equation with one de-
veloped from 285 flume experiments; and �2� by using a high-
speed video �HSV� system to ascertain whether the predicted
value of � for the boundary between the saltation and sheet-flow
regimes coincides with that at the first appearance of sheet flow in
the bed-load layer.

Theoretical Model for Boundary

Quantitative Description of Boundary

In a laboratory flume with a plane, loose bed consisting of uni-
form noncohesive sediment, surface grains are immobile so long
as the fluid shear stress is insufficient to overcome the grain re-
sistance. This surface layer of immobile grains is herein referred
to as the original stationary bed �OSB� �Fig. 1�. In flows over
such beds where sediment is transported at capacity, the entrain-
ment of sediment is contingent on �. When � slightly exceeds �c,
the critical value of � at which grains forming the OSB begin to
move, only a few grains are entrained, and the top layer of sedi-
ment is said to be “partially mobile” �Fig. 1�a��. As � increases,
progressively more grains are transported as bed load. At a thresh-

old value of �, denoted by �t, all grains in this layer move as the
bed load. In other words, the surface layer of the bed changes
from being partially mobile to being fully mobile �Fig. 1�b��. For
flows in which ���t, there may be multiple layers of grains
moving below the OSB. These layers make up the mobile bound-
ary �Fig. 1�c��. Such a boundary is characteristic of the sheet-flow
regime. A fundamental difference between the saltation and sheet-
flow regimes is that in the former, at least some grains in the OSB
remain stationary, whereas in the latter the entire layer of grains is
mobilized. To describe this concept quantitatively, the proportion
of the grains in the OSB that are in transport is designated Pb.
Thus, Pb�1 indicates the saltation regime and Pb�1 signifies
the sheet-flow regime. The boundary between the two regimes is
defined by Pb=1.

According to the law of continuity, Pb is internally related to
the volumetric bed-load transport rate qb by

qb = n0VgPbUb �2�

in which n0=number of grains moving as bed load per unit area
of the OSB; Vg=volume of a single bed-load grain; and
Ub=mean grain velocity. Rearranging Eq. �2� gives the math-
ematical definition

Pb =
qb

n0VgUb
�3�

Assuming sediment grains have a uniform spherical shape, Enge-
lund and Fredsoe �1976� used n0=1 /d2 and Vg= �� /6�d3 to cal-
culate n0 and Vg, respectively, in which d=diameter of a spherical
grain. They then derived the expression

Pb =
qb

�

6
dUb

�4�

However, Bridge �1981� pointed out that using Vg= �� /6�d3 to
calculate Vg implies that grains forming the bed have a cubical
packing, which is not true in channels of natural rivers. He argued
that in such channels, sediment grains are usually characterized by
rhombodedral packing. Bridge �1981� therefore corrected Eq. �4�
by multiplying the denominator by 1.15, which mathematically
accounted for the difference between the two types of packing.

Two theoretical deficiencies, however, remain. The first is the
assumption that the grains have a spherical shape. The second is

Fig. 1. Diagram showing bed conditions: �a� saltation regime; �b�
onset of sheet-flow regime; and �c� sheet-flow regime
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Figure 3.21: Diagram showing bed conditions: (a) saltation regime; (b) onset of sheet flow regime
and (c) sheet flow regime (Gao, 2008).

to saltation as well as sheet flow as described by Gao (2008). From a Shields
parameter of more than 0.5 a laminated zone develops (Figure 3.22), showing the
presence of sheet flow at this flow condition. These sheet flow layer move in the
direction of the flow.

The pick-up flux is higher than the sedimentation flux, causing a decrease of
the height of the stationary bed. The system is dominated by pick-up (erosion).
When the flow starts decreasing the sedimentation flux increases while the pick-up
decreases. At the moment the sedimentation flux exceeds the pick-up flux, the sand
bed starts to grow in upward direction (settling phase). The behavior of the system
is dominated by the settling velocity of the grains (including hindered settling) and
consolidation of the resulting sand bed after settling. The same cycle occurs when
the flow velocity changes in direction, causing also a change in the direction of
transport of the sheet flow layer.

As described above, sheet flow is considered as the transport of sand in thin layers
close the bed. The thickness of and concentration of grains in this layer depend on
the effective bed shear stress. However, it should be noted that the thickness and
concentration influences the bed shear stress, because the shear stress-strain rate
behavior is highly influenced by the thickness of and concentration in this layer (see
Section 2.3.4). Dohmen-Janssen (1999) has assumed that sheet flow occurs from a
Shields parameter (θb) of approximately 1. Experimental results (Gao, 2008) suggest
however, that the sheet flow regime starts at lower values for θb (≈ 0.5). This shows
that there is no exact criterion when sheet flow occurs.

3.5.2. Sheet flow layers
Different definitions exist for the thickness of the layer in which grains are trans-
ported during sheet flow conditions: the erosion depth, the sheet flow and shear
layer (see Fig. 3.23). The erosion depth (ds) is defined as the distance between the
bed level at zero velocity and the level of the stationary bed at the highest flow ve-
locity. The level of the stationary bed is the boundary between the layer exhibiting
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zone, grains move by a combination of interrupted saltation, roll-
ing, and sliding. In the laminated zone, grains have almost hori-
zontal trajectories and appear to move in parallel layers herein
referred to as granular sheets or laminations. As � increases, the
thickness of the laminated zone increases, while the uninterrupted

saltation zone remains on top of the laminated zone �Fig. 5�e��.
Careful scrutiny of the HSV images reveals that laminations first
appear where 0.50���0.55. This range of � coincides with the
range of �t predicted by the theoretical model for realistic values
of �c �i.e., 0.04��c�0.06�. Thus, the video images support the

Table 3. Hydraulic Conditions during Flume Experiments Using HSV System

Experimental properties
Number of

runs s R R* F
D

��10−3 m�
h

�m� �

Range of values 31 0.035 2,042–260,329 47–150 0.50–2.37 1.16, 0.74 0.005–0.075 0.09–1.01

Fig. 5. HSV images of bed-load layer at different � values
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Figure 3.22: Images showing behaviour of bed of sand during different values of θ (Gao, 2008).

sheet flow conditions and the stationary bed.
The sheet flow layer thickness (δs) is defined as the distance between the sta-

tionary bed and the level where the concentration becomes (almost) zero. Dohmen-
Janssen (1999) defines the upper limit of the sheet flow layer thickness as the level
where the time-averaged volume concentration is equal to 8%. Pugh and Wilson
(1999) defined the level of top of the shear layer (H) as the intercept of the slope
of the concentration profile (dc/dz) with the vertical coordinate (Figure 3.24: c = 0
axis). This level corresponds with a concentration of 0.05 (porosity 0.95) and shows
that the definition for the sheet flow and shear layer thickness are based on com-
parable conditions. However, it should be noted that no exact definition exists for
the top of this layer. A definition for this layer could be the transition between the
grain-inertia and viscous regime. This transition is based on the Bagnold number
(see Section 2.3.4).

The stationary bed is defined as that part of the bed that is not eroded or
transported in horizontal direction at the maximum shear stress during an oscillating
flow (Figure 3.24). The porosity of the layer above the stationary bed increases and
decreases. The porosity of the stationary bed below the influence of the maximum
shear stress will not change and is equal to the in-situ porosity of the sand bed.

The level up to which the sand bed moves, is defined by the effective bed shear
stress of the flow and the resisting force of the sand bed. This resisting stress is
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Figure 3.23: Definition of erosion depth (ds) and sheet flow layer thickness (δs) according Dohmen-
Janssen (1999)
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Figure 3.24: Definition of shear layer (H) according to Wilson (2005)

determined by the effective vertical stress, depending on the submerged density of
the layer above the failure zone. The effective stress concept (Equation 2.14) is still
valid in this layer, because the grains are still in contact with each other. The most
common model to describe the failure behavior is the Mohr Coulomb-model, see
Equation (2.13). Using both equations, an expression for the erosion depth can be
found:

ds = τb
(1− ni) · (ρs − ρw) · g · tan(φ) (3.37)

Figure 3.25 presents lines of equal porosity as function of the actual bed shear
stress under sheet flow conditions and the height above or below the bed level at zero
velocity according to the Mohr-Coulomb criterion as described by Equation (3.37).
The line at an equal porosity of 0.5 presents the transition between the stationary
bed and the moving (eroded) bed. This represents the erosion depth as function of
the bed shear stress. Equation (3.37) gives a good prediction of the actual erosion
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depth when the effective angle of internal friction is assumed to be 20◦. This value
is comparable to the effective angle of internal friction in the grain-inertia regime
(Bagnold, 1954): 18◦ (see Section 2.3.4). However, it should be noted that the
experiments of Bagnold (1954) were executed with spheres instead of grains. This
will have underestimated the friction in comparison with natural grains.

0.50

0.50

0.50

0.55

0.55

0.60

0.60 0.65

0.800.85

0.850.90

0.90

0.95

0.95

‐5

‐4

‐3

‐2

‐1

0

1

2

3

4

5

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

H
ei
gh
t a

bo
ve
 b
ed

 [m
m
]

Calculated shear stress [Pa]

20 °

Figure 3.25: Porosity at different levels below and above the original bed level during an oscillatory
flow. The porosity is presented as function of shear stress (d50 = 210 µm) based on data of Dohmen-
Janssen (1999) and the height above or below the bed level at zero velocity according to Equation
(3.37) in case of an effective angle of internal friction of 20◦

Sand at its maximum porosity normally has a minimum angle of internal friction
of 25 tot 35◦, depending on the angularity, grain size and coefficient of uniformity
of the material. This is higher than the effective angle of internal friction as found
above. The value of 20◦ could also be interpreted as a fictitious angle of internal
friction, due to excess pore water pressures. While settling and forming a bed above
the stationary bed, the weight of the grains can be temporarily supported by water,
leading to excess pore water pressures. This reduces the effective and resisting shear
stress, which could be interpreted as a lower fictitious angle of internal friction.
Figure 3.26 shows the excess pore water pressures in case of an angle of internal
friction of 30◦. The excess pore pressure increases with the depth below the zero
velocity level, which is caused by the increasing total weight of the sheet flow layer
at increasing depth. The actual excess pore pressure depends on the density of the
settling column, settling velocity of the grains, permeability and angle of internal
friction of the sand bed and the time between consecutive cycles of settling and
erosion (wave period). This means that the fictitious angle of internal friction, 20◦,
represents not a fixed value but depends on the properties of the sand bed and wave
period of the oscillating flow.
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Figure 3.26: Excess pore water pressure assuming an angle of internal friction of 30◦ as function
of the height below the bed level at zero velocity

3.5.3. Concentration and/or porosity profile sheet flow
layer

During sheet flow the layer above the stationary bed exhibits an increase in porosity
(Figure 3.25) as a result of shearing. This layer is known as the sheet flow layer.
Shearing is localized in a specific thin shear plane. The thickness of the plane will
be limited to a few layers of grains. Due to the oscillating flow the porosity at the
bottom of this layer is approximately equal to the maximum porosity (nmax = 0.5),
because the initial porosity of the sand bed is disturbed after the first oscillation
during which the level of the stationary bed moves down. At the moment the depth-
averaged velocity is decreasing and the settling flux starts to exceed the erosion flux,
the sand grains will start to rearrange at a porosity equal to the maximum porosity.
The increasing and decreasing porosity of the shearing sand layer shows that the
dilatant behavior plays a role in this layer and water has to flow in and out this
layer. This shows that sheet flow is a cyclic process of grains moving in upward and
downward direction and water flowing in the opposite direction.

Figure 3.25 shows that the porosity in the sheet flow layer, at a level just below
the level of the sand bed at zero velocity (initial bed level), increases at increasing
shear stress to a value (0.65) above the theoretical maximum porosity. This means
that the upward movement of the grains is supported by the turbulent character of
the flow and by grain-grain interactions (collisions).

The maximum porosity in the sheet flow layer at different levels below the top of
the initial bed is a function of the Shields parameter (Figure 3.28a). The porosity
in this layer (measured at a depth of 0.5 and 1.5 mm below the initial stationary
bed) is directly related to the Shields parameter or bed shear stress. The linear
increase of the porosity for the lower part of the sheet flow layer (or decrease of
the concentration) as function of the Shields parameter has also been recognized by
several researchers as published by Wang and Yu (2007) and Wilson (2005):
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n(z) = nmax + (ns − nmax) · z
ds

(3.38)

in which ns = porosity at top level of erosion depth and z = the vertical coor-
dinate related to the erosion depth ds (Figure 3.27). This zone can be considered
as part of the sheet flow layer in which the behavior of the grains is dominated by
collisions.

 

z 

original bed level 

ds 
d 

Figure 3.27: Definition of vertical coordinate z and depth d relative to the erosion depth ds

At a certain level the vertical porosity or concentration profile changes from
a linear to a curved profile. Figure 3.28b shows that the porosity at the transi-
tion between both profiles stays at the initial bed level with a constant porosity
of approximately 0.75. This porosity is independent of the bed shear stress. This
is in accordance with the findings of Wang and Yu (2007). Based on the data of
Dohmen-Janssen and Hanes (2002), Wang and Yu (2007) concluded that the tran-
sition between the linear and the curved profile is at a porosity of 0.7 (Figure 3.29).
This is in accordance with the mass number (Nmass), which evaluates the ratio of
solid mass to fluid mass per unit volume (Iverson and Vallance, 2001):

Nmass = ρs · (1− n)
ρw · n

(3.39)

A mass number of > 1 implies that momentum transport may be dominated by
solid grains. According to Equation (3.39) this effect appears at a porosity of less
than 0.73, coinciding with the transition between the linear and curved profile of
Figure 3.28b.

Figure 3.30 shows the measured porosity below and above the original bed level
for different values of the Shields parameter. The top level of the erosion depth is
defined as the level of the original bed. Due to the effect of dilatancy (increase of
the porosity) the top level will raise. This means that the adapted top level of the
erosion depth (d′s) can be approximated by (neglecting the effect of erosion and the
increase of the porosity above the original bed):

d′s = ds ·
1− nmax
1− navg

(3.40)

in which navg = (nmax + ns)/2. The porosity at the top level of the adapted
erosion depth can be determined with the help of Equation (3.40). The top level of
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Figure 3.28: Porosity at a depth of 0.5 and 1.5 milllimeter below the initial stationary bedlevel as
function of the Shields parameter (a) and porosity profile as function of the Shields parameter (b)

the adapted erosion depth and the porosity at this level (n′s) were used as reference
level (za) and reference concentration (ca) for the calculation of the concentration
profile according to Rouse (1937).

Rouse (1937) has defined an expression for the time-averaged suspended sedi-
ment concentration over a plane bed by assuming that the sediment diffusivity (εs)
is constant in time and increases linearly with height (εs = κ ·u∗ · z). This sediment
diffusivity represents the effect of vertical motions of fluid transporting grains in ver-
tical direction. The so-called Rouse profile meets the advection-diffusion approach:

ws · c+ εs ·
∂c

∂z
= 0 (3.41)

in ws is the settling velocity of a grain. This results in a power law distribution of
the time-averaged concentration (c (z)) corresponding to a straight line on a log-log
scale:
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Figure 3.29: Concentration profile at wave peak phase within and above the sheet flow layer (Wang
and Yu, 2007)

c(z) = ca ·
[

(h− z) · za
z · (h− za)

] ws
β·κ·u∗

(3.42)

Normally the respond function (β) is supposed to be equal to 1 based on the
assumption that the sediment mass-transfer mechanism is the same as the fluid
momentum-transfer mechanism. van Rijn (1984b) has assumed that β is a measure
for the quotient of the sediment diffusivity and the fluid momentum diffusivity. β
approaches to 1 in case of grains smaller than the size of the turbulent eddies, which
will follow the behavior of turbulent eddies.

Greimann and Holly (2001) have derived a general two-phase flow equation in
order to determine the concentration profile including the effect of sediment dif-
fusivity, Reynold stresses in the particle phase, forces between the grains and the
fluid including added mass and collision between the grains. Their approach has
proved that when neglecting the effect of the inertia of grains the solution of this
two-phase flow equation equals Equation (3.42). As mentioned before the effect of
the inertia of the grains has been incorporated by van Rijn (1984b) with the factor
β in Equation (3.42). van Rijn (1984b) has derived the following empirical relation
for the value of β:

β = 1 + 2 ·
(
ws
u∗

)2
(3.43)

Equation (3.42) needs an estimate for the reference concentration at a reference
level. Smith and McLean (1977) have proposed for the reference concentration and
level of the reference concentration:

ca = cb · γ0 · T
1 + γ0 · T

(3.44)
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Figure 3.30: Measured porosity below and above the original bed level (presented as dots) in
relation to the calculated porosity profile (presented as lines) at different depth averaged flow
velocities based on the reference concentration at the top of the dilated bed based on data of
Dohmen-Janssen (1999)

za = 26.3 · τcr · T
ρw · g · (s− 1) + d50

12 (3.45)

in which γ0 = constant (0.001 - 0.005); T = dimensionless shear stress (τb −
τb,cr)/τb,cr; cb = bed concentration; τb = bed shear stress and τb,cr = critical bed
shear stress according to Shields.
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Figure 3.31: Reference concentration and reference height as function of the Shields parameter
according to Equation (3.44) and (3.45) for sand with a grain size of 250 µm, γ0 is 0.0025 and cb

is 0.025

Figure 3.31 shows that the reference concentration above the initial bed at the
beginning of sheet flow is approximately 0.025. At higher values of θb (> 100) the
reference concentration is limited to the bed concentration. Smith and McLean
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(1977) uses for the level of the reference concentration za the saltation height of the
grain above the initial bed (Equation 3.45). However Equation (3.45) seems to be
limited to values of θb of approximately 1. At higher values of θb the level rises to
values which can be considered as unrealistic. In this case it seems more convenient
to chose for the level of the reference concentration a value of: 0.05 · hf , as confirmed
by numerous authors (Miedema and Ramsdell, 2016). However, Equation (3.42) and
(3.43) can be used to determine the concentration profile, considering the above
mentioned assumptions, the necessary reference concentration and level at which
this reference concentration is valid need more support.

Figure 3.30 shows that the resulting concentration profile overestimates the mea-
sured concentration of the suspension above the original bed. This is the result of
the fact that the Rouse profile represents a time averaged concentration profile at
constant bed shear stress. The concentration in the suspension is in equilibrium
with the bed concentration. The pick-up flux equals the sedimentation flux. During
sheet flow however the shear stress is not constant and the suspension needs time
to balance with the bed concentration. The eroding grains need time to fill the sus-
pension, leading to a less dense concentration profile in relation to a Rouse profile.
The pick-up flux and sedimentation flux do not balance each other.

3.5.4. Velocity profile
Pugh and Wilson (1999) measured the velocity gradient in the shear layer and flow
velocity at the top of this layer (Figure 3.32). The thickness (H) of the shear layer
is comparable to the sheet flow layer thickness defined as δc. The concentration
profile during these experiments was mainly linear, corresponding with the findings
as described in Section 3.5.3. The horizontal flow velocity at the top of the shear
layer: u(z = H), is found to be proportional to the shear velocity:

uz=H = 9.4 · u∗ (3.46)

Figure 3.32 shows the measured velocity gradient in the shear layer during pipe
flow (Pugh and Wilson, 1999). The velocity gradient is linear above a depth of
0.25 ·H. Below this depth the velocity distribution is unknown. This linear relation
was also recognized in the measurements of the velocity gradient in a sheet flow
layer during an oscillating flow by Dohmen-Janssen and Hanes (2002), despite the
difference in flow conditions during pipe flow and sheet flow. During pipe flow
sedimentation and pick-up can be considered to be in equilibrium, while in oscillating
sheet flow conditions these fluxes are not in equilibrium. The velocity distribution
in the shear layer as derived from Figure 3.32 is (u represents the horizontal flow
velocity at level z):

u

u(z = H) = 0.6 · z
H

+ 0.4 (3.47)

The velocity gradient is:

du

dz
= 0.6 · u(z = H)

H
(3.48)
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Figure 3.32: Measured velocity gradient in pipeline for 300 µm sand (Pugh and Wilson, 1999).

The deviation from the logarithmic velocity profile was confirmed by the re-
sults of closed-flume experiments on plastic circular and elliptic cylinders with an
equivalent size of approximately 3 mm (Sumer et al., 1996) at θb of more than 0.5.
The velocity profile measured in the sheet flow layer, however, did not exhibit a
linear profile, but a power form. However, the experiments of Sumer et al. (1996)
were executed on material, with characteristics which differed considerable from the
properties of natural sand: size 3 mm and density between 1,140 and 1,270 kg/m3.
This will have influenced the velocity profile in comparison with natural sand.

3.5.5. Shear stress during sheet flow
Bagnold (1954) derived models to determine the shear stress of relative dense mix-
tures of fluid and grains (see Section 2.3.4) considering different regimes. In the
viscous regime the shear stress is linearly related to the velocity gradient (du/dz),
while in the grain-inertia regime the shear stress is related to the squared value
of the velocity gradient (du/dz)2. An expression for the shear stress can also be
derived by rewriting Equation (3.48), using Equation (3.46):

du

dz
= 5.64 · u∗

H
(3.49)

and with u∗ =
√

τb
ρw

follows for du/dz:

du

dz
= 5.64 ·

√
τb
ρw

H
(3.50)

This leads to the following expression for τb:

τb = 0.031 · ρw ·H2 · (du/dz)2 (3.51)

This equation has the same form as the shear stress according to Bagnold (1954)
in the grain-inertia regime:
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τ
′

g = 0.013 · ρs · (λ · d)2 ·
(
du

dz

)2
(3.52)

This gives an indication that the squared value of the velocity gradient and the
concentration of the grains in the layer just above the stationary bed are a good
indication of the energy losses due to grain-fluid and grain-grain interactions at this
level. Comparison of Equation (3.51) with Equation (3.52) shows further that the
thickness of the shear layer seems to be related to the linear concentration (λ) and
the grain size (d). This is however questionable because both bed shear stress and
concentration (or porosity of the sand bed) determine the thickness of the shear
layer (Wilson, 2005).

3.5.6. Distinguished zones
Five different zones can be distinguished during sheet flow. All five zones have
differences in the failure process, porosity and/or concentration profile, flow and
resulting shear stress regime. The level of the stationary bed is defined as that
part of the bed that does not deform at the actual shear stress. The Coulomb zone
describes the level at which the shear stress at the top of the bed equals the resisting
force of the sand due to friction and the effective stress at that level. Above these
zones the grain-inertia and viscous zone exist. The suspension zone forms the top
level of the sheet flow layer. Figure 3.33 presents the five distinguished zones with
their assumed characteristics showing the different zones during sheet flow:

1. Stationary zone: the bed does not deform at the exerted shear stress;

2. Coulomb zone: zone at which deformations start to appear due to static failure
which can be described by the Mohr-Coulomb failure criterion. Dilatation of
sand will take place;

3. Grain-inertia zone: the shear stress in the sand bed above the Coulomb regime
depends on the velocity gradient and collisions of the grains. Further dilation
takes place;

4. Viscous zone: the shear stress is dominated by the fluid viscosity, including
the influence of the grains on the fluid viscosity, and velocity gradient. In the
upper part of this zone the grains are picked-up by the flow. During sheet flow
the pick-up zone is situated approximately at the original bed level;

5. Suspension zone: the behavior is determined by the settling velocity of the
grains and turbulent energy of the flow.

The stationary zone consists of the undeformed sand bed and has a porosity
of ni and forms the bottom of the layer in the Coulomb zone. The level of the
bottom of the Coulomb zone depends on the effective shear stress of the flow at the
bottom of the grain-inertia zone and the resisting shear stress of the sand bed. The
resisting shear stress depends on the effective vertical stress at this level and angle of
friction of the sand bed. The Coulomb zone will be limited to a relative small shear
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Figure 3.33: Description of zones with different type of behavior compared to the regimes and
components as described by Miedema and Ramsdell (2016) and Sellgren and Wilson (2007)

zone as for instance investigated by Alshibli and Sture (1999). They investigated
the sand shear band thickness of sand with a grain size of 220 to 1,600 µm under
plane strain conditions in a triaxial apparatus. The experiments showed that failure
was characterized by bifurcation and spontaneous localization of deformations into
rupture zones called “shear bands” that have certain thicknesses and patterns. For
fine sand (220 µm) the ratio between the shear band thickness and average grain
size (d50) was approximately 13 to 14, while in the case of medium-grained (550 µm)
and coarse-grained sand (1,600 µm) this ratio decreased to a value between 11 and
12 (Figure 3.34). The effect of the density and confining stress is negligible (Alshibli
and Sture, 1999). The measured ratios by (Alshibli and Sture, 1999) coincide with
the theory that sand can be described by its bulk properties at a layer thickness of
at least 10 times the average grain size.

In the grain-inertia zone the failure behavior and resulting shear stress depends
on the velocity gradient and collisions of the grains. The shear stress in the grain-
inertia zone arises from the diffusion of tangential and normal components of grain
momenta created by the collisions. In the viscous zone the effect of the fluid viscosity
dominates, including the influence of the grains on the viscosity. According to
Bagnold (1954) the transition between the grain-inertia and viscous zone is based
on the ratio between the grain-inertia and viscous stress. This is defined as the
Bagnold number N . Below N = 40 the shear stress is dominated by viscous stresses,
while at values of more than 450 grain-inertia is considered to dominate the stress
stress (Section 2.3.4). Between these values the flow behavior changes from viscous
to grain-inertia dominated. The vertical concentration profile and velocity gradient
in the grain-inertia and viscous zone will be linear. The top of both zones will be
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Figure 3.34: Measured shear band thickness (ts) at a confining stress of 15 kPa (Alshibli and Sture,
1999)

limited at the vertical coordinate where the velocity gradient start to deviate from
the linear behavior. From this level the suspension zone dominates the behavior of
the grains and is determined by the settling velocity of the grains and the turbulent
energy of the flow. In both the viscous and suspension zone the grains influence the
effective viscosity of the carrier fluid.

It is assumed that the grains present in the Coulomb and grain-inertia will move
mainly in horizontal direction, while the grains in the viscous and suspension zone
will move predominantly in vertical direction. The grains are picked-up by the flow
in the viscous and suspension zone. The exact transition between this difference in
behavior is unclear. However, this transition zone could be defined by the level at
which the concentration profile and velocity gradient change from linear to curved.

Sellgren and Wilson (2007) and Miedema and Ramsdell (2016) have described
different flow components and flow regimes, which can be distinguished during pipe
flow (Figure 3.33). The difference between the components and regimes is based
on the effect they have on the friction loss. In these flow components or regimes
one of the zones as described above is considered to dominate the friction losses in
slurry transport. Other zones disappear or do not dominate the friction loss. The
conditions at which these regimes were identified depend mainly on the flow velocity,
grain size and/or Shields parameter.

In the flow regime consisting of a fixed bed without suspension, as distinguished
by Miedema and Ramsdell (2016), the stationary zone is dominating the flow regime.
The Shields parameter in this regime is below the critical Shields parameter for sheet
flow: no sheet flow occurs, while only a low amount of grains is in suspension. The
bed shear stress is dominated by the size of the grains.

The flow regime changes to the sliding bed regime at a Shields parameter just
above the critical Shields parameter for sheet flow. During this regime a sheet flow
layer starts to develop above the stationary bed. A small amount of grains could be
partly in suspension (Miedema and Ramsdell, 2016). The lower part of the sheet
flow layer can be considered as the Coulomb zone. This regime can be compared
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to the component fully-stratified load as defined by Sellgren and Wilson (2007). In
this component the friction loss is determined by grains, traveling along the top of
the stationary bed.

At a higher Shields parameter the flow regime changes to heterogeneous flow.
During these flow conditions the stationary bed disappears. However, the turbu-
lent forces interacting with the grains, are not strong enough to create a uniform
distribution of the grains throughout the cross-section of the pipe (Miedema and
Ramsdell, 2016). Part of the grains are carried by sliding contacts and partly by
turbulent suspension (Sellgren and Wilson, 2007). Depending on the value of the
Bagnold number the shear stress is dominated by the grain-inertia or viscous zone.
The sliding flow regime is considered as the transition regime between the sliding
bed and heterogeneous regime.

The (pseudo)-homogeneous regime is considered as the regime at which the spa-
tial concentration starts to meet the transport concentration (at a very high Shields
parameter). The friction is determined by the influence of the grains on the viscosity
and density of the carrier fluid.

3.6. Discussion
Numerous researchers published data and empirical models regarding the (effective)
bed roughness of a flow over a non-eroding and eroding sand bed. Their results
are discussed in this Section 3.6.1. At low velocities the forces on single grains
play a major role (Section 3.6.2). At flow velocities of more than 1 m/s is in case
of hydraulic engineering much larger than 2300, meaning that turbulence plays a
major role during the flow conditions (Section 3.6.3). Especially the structure of
vortices influence the stress on the wall and behavior of grains in the flow. Section
3.6.4 gives a short discussion regarding relevant processes during sheet flow.

3.6.1. Bed roughness
It is mainly considered that a horizontal flow over a flat bed exerts an average
horizontal shear stress over the top of the bed. This shear stress depends on the
flow velocity and the roughness of the bed. This roughness is determined by the
size of the grains when the flow can be considered as a hydraulically rough flow. In
this case the dimensions of the bottom roughness are larger than the thickness of
the viscous sublayer. The roughness elements (sand grains) influence the velocity
distribution close to the bottom, because the roughness elements generate eddies
with a size of the order of the roughness elements affecting the turbulence structure
and hence the velocities close to the bottom. Only in the case of a hydraulically
smooth flow the shear stress is determined by the viscous forces of the flow, because
the roughness elements are much smaller than the thickness of the viscous sublayer.

In case of sand grains the effective bed roughness is considered to be related to
the largest grains of the top layer of the bed (grain roughness) and the bed forms
(form roughness). The grain roughness is generated by skin friction, while form
roughness is generated by normal stresses acting on bed forms. The effective bed
roughness in the lower flow regime is considered to be related to the largest grains.
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The physical meaning of the equation for the effective bed roughness (ks = 3 ·d90) is
however unknown. The effective bed roughness will be influenced by the protrusion
of grains at the top of a sand bed. On average the exposure level of grains above a
bed is approximately 0.5·d. Assuming that the largest grains determine the effective
roughness, the effective bed roughness should have been in the order of 0.5 · d90 to
have a real physical meaning. Considering d90 ≈ 2 · d50 the effective roughness
should be in the order of the d50. This is much less than is proposed by for instance
van Rijn (1993) for the value of the effective bed roughness.

At higher flow velocities and/or Shields parameter (θb > 1) the effective bed
roughness is related to the value of the bed shear stress. This means that the
effective bed roughness increases as function of the flow velocity. It should be noted
that the effective bed roughness under these conditions is a fictitious parameter and
is a result of increasing sediment concentrations at higher flow velocities causing
interaction of the flow with grains in the near-bed region. The resulting energy loss
along a sand bed is not only determined by the interaction of the fluid and the
grains but also by collisions of grains with the bed and with each other.

3.6.2. Forces on separate grains
The forces of a flow on separate grains can be divided in a drag and lift force. The
models to calculate the effective force on a grain are related directly to the grain
size. The drag force is based on a drag coefficient, which relates the fluid velocity
to the forces on a sphere or grain. Natural sediments have at a particle Reynolds
number of more than 1000 a drag coefficient of 1.0, which is higher than the drag
coefficient of spheres (0.445). This difference can be explained by the effect of the
shape and roughness of the grains increasing the drag coefficient. Besides the drag
force as a result of friction along a grain, a pressure gradient also gives a net force on
a grain. Due to the acceleration of fluid surrounding a grain an extra force is exerted
on the sphere. This phenomenon is modeled as some volume of fluid is moving with
the grains: the added mass.

A velocity gradient normal to the flow direction results also in a lift force on the
grain, while vortex shedding can also give rise to large lift force fluctuations. The
effect of the velocity gradient over the grain is known as the shear lift or Saffman
force. Spinning of a grain leads to an extra spin lift and centrifugal forces.

3.6.3. Effect of turbulence
A typical phenomenon of turbulent flows is the fluctuating character of the velocity
in a point in all three axis of direction. The structure of turbulent flows is highly
variable and chaotic. If the Reynolds number is high enough the instabilities will
grow leading to the formation of hairpin vortices. The apex of the hairpin vortices
are lifted upwards, creating a space between them and the boundary. As a result
water will flow in from behind and above, which happens at large flow velocities (high
velocity sweeps). These sweeps cause impact zones with a high normal stress on the
boundary. Between the legs of the hairpin, forming two smaller counter-rotating,
streamwise vortices near the wall, elongated low momentum streaks are formed.
These vortices result in low normal stresses due to the suction within the vortices,
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moving sediment from the bed and spew it out into the flow above. These effects lead
to relative strong fluctuations of the normal stress on the boundary, varying between
negative and positive stresses. In a quadrant analysis the sweeps are characterized
by a positive horizontal velocity and a negative vertical (downwards) velocity. The
ejections, which are thought to move sediment vertical from the bed, show negative
horizontal velocities and positive (upward) vertical velocities.

It is believed that fluctuations of the normal stress caused by turbulent vortices
could contribute considerably to the forces that initiate the motion of bed particles.
These normal stresses are known as turbulent wall stresses. The fluctuations of the
normal stress on the wall reach approximately 2.5 to 3.5 times the average wall shear
stress.

3.6.4. Sheet flow
Sheet flow can occur during oscillating flows, as a result of severe wave conditions,
but also in pipe-flow conditions. During wave conditions the flow velocity increases
and decreases and changes in direction with a positive or negative offset following a
sinusoidal shape. This results in changing flow regimes with repetitive erosive and
settling cycles. During the pipe-flow the flow conditions are mainly constant. The
dominating flow regime does not change. Due to the relative high shear stresses (θb
> 0.5 to 1) multiple layers of sand grains are mobile. Sheet flow deviates from a
flow over a sand bed at lower Shields parameters (θb < 0.5 to 1). The concentration
profile close to the bed is considered to be linear and changes at a certain height in
a curved profile. This profile deviates from the well-known Rouse profile. Another
difference is the velocity gradient close to the bed. Normal the velocity gradient is
logarithmic, while during sheet flow conditions part of the velocity profile is linear.
Both deviations influence the third difference: the effective roughness. The effective
roughness during sheet flow conditions is not related to the size of the grains but is
implicitly related to the bed shear stress. It means that the effective roughness is
a measure for the energy dissipation close to the stationary bed, due to grain-grain
and grain-fluid interaction, instead of a value for the real roughness.
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Erosion of sand

4.1. Introduction
Chapter 3 shows that the behavior of the flow influences the behavior of the sand
bed. At low flow velocities and Shields parameter (θb) smaller than 0.5 to 1.0, the
size of the grains influences the energy loss of a flow over a sand bed. At higher
values of the Shields parameter the behavior of the sand bed changes and start
to influence the energy loss. This behavior influences the erosion process. This
knowledge forms the basis for the description of known erosion regimes and related
pick-up functions. The type of regime depends on the flow velocity, related bed
shear stress and the behavior of single grains and bulk properties of the sand bed.
The pick-up of grains starts to occur when the instantaneous fluid force on a grain
exceeds the instantaneous resisting force related to the submerged weight, angle of
internal friction and embedding of the grain in the sand bed. The critical Shields
parameter (θb,cr), a non-dimensional number defined by the bed shear stress and
grain diameter, defines the criterion at which erosion of grains is initiated (Section
4.2).

As a result of the pick-up the concentration of the eroding flow increases, si-
multaneously introducing a sedimentation flux. Net erosion takes places as long
as the pick-up flux exceeds the sedimentation flux. When the concentration of the
eroding flow meets the maximum transport capacity of the flow (Section 4.3) pick-
up and sedimentation are in equilibrium. The amount of grains picked up by the
flow as function of time depends on several parameters and conditions. Bisschop
et al. (2016) distinguishes two erosion regimes: the grain by grain and the dilatancy
reduced erosion regime.

Pick-up functions for low flow velocities (< 1.5 m/s) and Shields parameter (θb <
0.5 to 1.0) are based on the erosion of single grains (grain by grain erosion regime:
Section 4.4). One of the most well-known sediment pick-up functions for this regime
is the empirical equation of van Rijn (1984a).

At flow velocities of more than 1 to 2 m/s the model of van Rijn (1984a) overesti-
mates the pick-up flux (Bisschop et al., 2010). At these flow velocities, it is assumed
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that the pick-up flux is influenced by pore water under pressures, due to dilatancy
effects, as described by Mastbergen and van den Berg (2003) and van Rhee (2010).
The resulting dilative behavior causes inflow of water into the sand bed increasing
the effective stress and hence reducing erosion (dilatancy reduced erosion). As a re-
sult bulk properties of the sand bed, such as porosity and permeability, are assumed
to influence the pick-up flux (see Section 4.5). This shearing process of layers of
grains was also observed by Gao (2008) during sheet flow at a corresponding Shields
parameter (θb > 0.5).

Instead of the shearing of layers turbulence could also lead to bulk erosion as
described in Section 4.6. In this case lumps of sand are eroded by turbulent bursts.
This regime will not only be determined by the dimensions of the turbulent eddies
and related turbulent wall stresses but also by the failure mechanism of the lumps
of sand.

Erosion is considered not to be influenced solely by the flow velocity and proper-
ties of grains and bulk properties of the sand bed, but the transport capacity of the
flow influences the pick-up of grains as well (Section 4.8). This is considered as the
reduction of the pick-up flux as a result of grains, being present at relatively high
concentrations in the eroding fluid just above the eroding bed, hindering eroding
grains moving upwards. This effect is described as hindered pick-up (Winterwerp
et al., 1992). The applicability of the various pick-up functions and the existence of
the distinct erosion regimes are discussed in Section 4.9.

4.2. Critical Shields parameter
Pick-up starts to occur when the instantaneous fluid force on a grain is just larger
than the instantaneous resisting force (van Rijn, 1993). The instantaneous fluid
force on a grain is determined by the fluctuation of the velocity and direction of
flow of the fluid just above a sand bed. These fluctuations are the result of the
behavior of a turbulent flow, while the resulting force on the grains is determined
by the effect of protrusion, submerged weight and internal angle of friction of the
grains. This causes an average lift and drag force on the grain. Depending on the
position of the grain relative to the bed, this results in sliding or rolling. Pure lifting
will take place if the lift force is equal to the gravity force (Miedema, 2010).

4.2.1. Shields
The most widely known criterion for grain movement is the Shields curve (Shields,
1936). This curve (Figure 4.1) presents the relation between the dimensionless
Shields parameter (θb) and boundary particle Reynolds number. Disadvantage of
this implicit relation is that the grain size and shear velocity are present on both axes.
The critical bed shear stress can only be obtained by iteration. Shields determined
the critical shear stress by measuring transport rates at bed shear stresses just larger
than the critical bed shear stress. The critical bed shear was defined as the value
of the bed shear stress at which the extrapolated transport rate was zero (van Rijn,
1993). In the same period Hjulström (1935) and Hjulström (1939) have published
the famous Hjulström-diagram. This diagram shows a direct relation between the
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critical threshold velocity and grain size.

 

Figure 4.1: Original Shields curve (Shields, 1936)

van Rijn (1993) has presented an explicit equation representing the Shields curve
in terms of the critical Shields parameter and the dimensionless grain diameter (D∗):

θcr = 0.24 ·D−1.00
∗ 1 <D∗ < 4.5

θcr = 0.14 ·D−0.64
∗ 4.5 ≤D∗ < 10.2

θcr = 0.04 ·D−0.10
∗ 10.2 ≤D∗ < 17.9

θcr = 0.013 ·D0.29
∗ 17.9 ≤D∗ < 145

θcr = 0.055 D∗ ≥ 145

(4.1)

in which D∗ is defined as:

D∗ = d50 · 3

√
(s− 1) · g

ν2
w

(4.2)

in which s is ρs/ρw. Soulsby and Whitehouse (1997) have presented an algebraic
expression that represents the total Shields curve closely, including the effect that
critical Shields parameter can not exceed 0.3 for small grains:

θcr = 0.30
1 + 1.2 ·D∗

+ 0.055 ·
(
1− e−0.020·D∗

)
(4.3)

4.2.2. Recent research
Miedema (2010) has given an overview of other empirical equations for the rela-
tion between the critical Shields parameter and the dimensionless grain diameter.
Research of Miedema (2012a) has shown that many researchers use different defini-
tions for incipient motion: is it when one grain starts moving, or many and then how
many. In general each of the existing models lacks specific phenomena and/or as-
pects. The modeling usually stops, if a model has sufficient correlation with data of
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many researchers and with the original Shields curve. Miedema (2012a) developed a
full theoretical model to match the Shields curve and measurements from literature
(Figure 4.2). This model distinguishes rolling, sliding or lifting as mechanism of
entrainment and includes the effect of:

WEDA Journal Vol. 12, No. 1
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Concept of Initiation of Motion

Dey distinguished 3 types of concepts for the definition of initiation of motion (Dey, 1999). The 
first type of concept is based on bed particle motion through visual observations. Kramer (1935)
defined 4 different bed shear conditions, (1) no transport, (2) weak transport, (3) medium 
transport and (4) general transport. Although clear limits between these 4 levels do not exist, 
Kramer defined threshold shear stress to be the stress initiating general transport. Vanoni (1975)
distinguished 5 levels, (1) no transport, (2) negligible transport, (3) small transport, (4) critical 
transport and (5) general transport. The Delft Hydraulics Laboratory carried out research in the 
sixties and seventies (DHL, 1972) and distinguished 7 levels of erosion, (1) occasional particle 
movement at some locations, (2) frequent particle movement at some locations, (3) frequent 
particle movement at many locations, (4) frequent particle movement at nearly all locations, (5) 
frequent particle movement at all locations, (6) permanent particle movement at all locations and 
(7) general transport. Graf and Pazis also distinguishes 4 levels of erosion but based it on the 
number of particles per unit area being entrained (Graf & Pazis, 1977), (1) N=1, (2) N=10, (3) 
N=100 and (4) N=1000. All the measurements show that the highest level (general transport) 
gives values in the Shields diagram slightly above the Shields curve. The Shields curve matches 
measurements between critical and general transport (Vanoni, 1975), between N=100 and 
N=1000 (Graf & Pazis, 1977) and between frequent particle movement at all locations and 
general transport (DHL, 1972).

Figure 1: The original Shields diagram (Shields, 1936) and the resulting theoretical curve 
from the current research
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Figure 4.2: Theoretical Shields curve (Miedema, 2012a) compared to the original Shields curve

• protrusion level of the grains above the bed, which is chosen as 0.5 · d. The
value for the protrusion level is fitted on the actual Shields curve. The value
of 0.5 · d results in a protrusion level of 0.3 · d, because the virtual bed (zero-
velocity level) is chosen to be situated at a level of 0.2 · d below the top of the
bed;

• drag and lift induces sliding and/or rolling: in case of sliding an internal
friction angle of 30◦ is chosen. For rolling a pivot angle (ψ) of 59◦ is used,
matching a protrusion level of 0.3 · d, based on Luckner (2002);

• flow velocity profile: the velocity profile depends on the roughness of the
bed surface and the thickness of the viscous sublayer. Full laminar flow is
considered up to a boundary layer/roughness Reynolds number of 5 and full
turbulent flow above 70, with a transition zone in between these numbers
based on a logarithmic interpolation;

• drag coefficient is based on the relation between this coefficient and particle
Reynolds number (Rep), corresponding to a drag coefficient of grains with
a grain shape factor of 0.7. For grains with a size smaller than 40 µm this
means that the Shields parameter depends directly on the particle Reynolds
number (CD = 24/Rep, in which Rep = (ws · d) /νw). Sand grains larger than
40 µm exhibit a larger drag coefficient than spheres of a corresponding size.
This leads to a lower critical Shields parameter for sand in comparison with
spheres of a size of > 40 µm;
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• lift is neglected below a boundary Reynolds number of 5: above a boundary
Reynolds number of 70 the lift coefficient (CL) is chosen as 0.423. This is a
relative high value for CL in comparison with Equation (3.24), which gives an
estimate of the average lift coefficient (≈ 0.2). It should be noted that the
initiation of motion of grains is determined by the incidental maximum value
of CL;

• velocity fluctuations as a result of turbulence are taken into account: Miedema
(2012a) assumes that the maximum flow velocity in the vortices is a factor 3
higher than the average flow velocity.

It should be noted that natural sand does not fit exactly the Shields curve as
presented in Figure 4.2. Due to variations in grain size, angle of friction of separate
grains, exposure level and turbulence intensity, grains will move before the criterion
for incipient motion is reached. Several studies are available regarding the amount of
grains or transport conditions as function of the Shields parameter. These studies
show indeed that the Shields curve does not represent the criterion for incipient
motion of the first grains moving. Figure 4.3 shows the theoretical Shields curve
(Miedema, 2012a) in comparison with data describing the amount of grains moving
along a sand bed (Delft Hydraulics, 1972). These data show that the Shields curve
matches with general transport and permanent grain movement at all locations.
Graf and Pazis (1977) determined the amount of grains per unit area (m2) being
entrained in the flow as function of the Shields parameter. These experiments have
revealed that the Shields curve matches with a value of 100 to 1000 grains per m2

(Figure 4.3).
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Figure 4.3: Theoretical Shields curve compared to the amount of grains eroding from the bed
(Miedema, 2012b)

4.2.3. Effect of injection and suction
Outward (injection) and inward seepage (suction) of water out or into the sand
bed influences the critical Shields parameter due to their effect on the flow velocity
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distribution and on the hydraulic gradient which is exerted by the outward or inward
flow into the sand bed. Experiments of Brink and Oldenziel (1974) have shown that
as a result of suction the velocity profile close to the bottom changed. During
their experiments the local flow velocity close to the bed increased, while injection
decreased the local flow velocity (Figure 4.4).

As a result of the increase of the local flow velocity close to the bed the local
velocity gradient increases. This causes an increase of the shear stress close to
the bed because τb = η · du/dz, hence enabling the initiation of motion of grains.
This means that suction increases the forces on the grains, while injection causes a
decrease of the forces on the grains. The effect of suction on the near-bed flow field
have been confirmed by numerical CFD-simulations (Cao and Chiew, 2013). Similar
changes of the near-bed flow field have also been confirmed by other studies, like
Chen and Chiew (2004). Experiments of Rao and Sitaram (1999) confirm the effect
of the changing local velocity gradient on the critical Shields parameter. During
their experiments suction reduced the stability of grains, while injection caused
the opposite effect. Due to the changing flow field grains are subjected, in case of
suction, to larger hydronamic forces, resulting in a reduction of the critical Shields
parameter during these experiments.
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Figure 4.4: Influence of injection and seepage on flow velocity distribution (Brink and Oldenziel,
1974)

Experiments executed by Cheng and Chiew (1999), Cao and Chiew (2013) and
Liu and Chiew (2012) show an opposite effect of suction and injection on the critical
Shields parameter. Brink and Oldenziel (1974) related the effect of the suction and
injection discharge to the hydraulic gradient (i) on the sand bed, using Darcy’s
law. As a result of this inward (suction) or outward gradient (injection) fine sand
experiences in comparison with coarse sand, a larger inward or outward hydraulic
gradient at a corresponding injection or suction velocity. This is caused by the effect
of the permeability. Fine sand has a smaller permeability than course sand, leading
to a higher hydraulic gradient, in comparison to coarse sand. In case of suction this
leads to an extra downward force on the grains, hence increasing the resisting forces
before motion of the grains occurs.
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Cheng and Chiew (1999) executed experiments to examine the effect of injection
of water from the sand bed in the flow on the incipient motion of grains with a
grain size of 630, 1,020 and 1,950 µm. These experiments show a reduction of
the critical shear velocity caused by injection (Figure 4.5). The outward oriented
hydraulic gradient reduces the resisting forces of the grains, before motion occurs.
These results show that the outward hydraulic gradient prevails over the effect of the
changing velocity distribution. The effect of the changing velocity gradient during
suction and injection and the influence of the resulting hydraulic gradient on the
critical Shields parameter are presented in Figure 4.7.
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Figure 4.5: Influence of injection on the critical shear velocity (Cheng and Chiew, 1999)

Liu and Chiew (2012) executed experiments showing a comparable influence of
suction as Cheng and Chiew (1999). They compared their results to the experiments
of Cheng and Chiew (1999) and Kavcar and Wright (2009), by plotting the quotient
of the critical shear velocity (u∗cs) including injection and the critical shear velocity
(u∗c) according to Shields (1936) versus the quotient of the suction or injection
velocity (vs) and injection velocity at which the submerged weight of the grains
reaches zero (quick condition: vsc): Figure 4.6. At this condition the resulting
upward hydraulic gradient (ic) is in equilibrium with the submerged weight of the
grains for a certain sand type. Liu and Chiew (2012) present for this case a curve
representing the critical shear velocity (u∗cs) as a result of the injection velocity:

(
u∗cs
u∗c

)2
= 1− vs

vsc
= 1− k · i

k · ic
(4.4)

Equation (4.4) shows that the critical shear velocity strongly depends on the
hydraulic gradient. This indicates that the effect of the inward or outward gradient
prevails over the effect of the changing flow velocity gradient close to the bottom.
Figure 4.7 summarizes the effect of changing velocity gradient close the the sand bed
and the effect of the hydraulic gradient in the sand bed during suction and injection
on the critical Shields parameter. Depending on the discharge during injection or



4

72 4. Erosion of sand

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

-1.0 -0.5 0.0 0.5 1.0

u
*c

s/
u

*c
 

vs/vsc 

Kavcar, 2009
Liu, 2012
Cheng, 1999

Suction Injection 

Figure 4.6: Influence of suction and injection on the critical shear velocity (Liu and Chiew, 2012)

suction and the permeability of the sand bed one of both of these effects on the
critical Shields parameter prevails. 
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Figure 4.7: Effect of velocity and hydraulic gradient, suction and injection and grain size of the
critical Shields parameter

4.3. Erosion, sedimentation and transport
Section 4.3.1 describes the definition of the pick-up flux from a sand bed. As a result
of pick-up the transport of grains in the eroding fluid increases. This transport
capacity is limited (see Section 4.3.2).

4.3.1. Erosion and sedimentation
Pick-up of grains is initiated when the flow conditions exceed the critical Shields
parameter. The pick-up flux increases with increasing flow velocity. The net erosion
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velocity is determined by the flux of sediment passing a moving interface between
an eroding sand bed and eroding flow. The interface between these two zones is the
surface of the sand bed and moves downwards with a vertical erosion velocity: ve
(Figure 4.8). Net erosion takes place when the pick-up flux exceeds the sedimen-
tation flux (ve >0). The erosion velocity is negative in case the sedimentation flux
is exceeding the pick-up flux: settling takes place leading to an increase of the bed
height. The eroding sand bed has a porosity ni, while the eroding flow is considered
to have a concentration c.

 

ve 

interface 

Eroding flow with concentration: c 

Sand bed with porosity: ni 

 

E S 

Figure 4.8: Volume of grains moving along moving interface

The flux of grains moving through the interface depends on the pick-up (E) and
sedimentation flux relative (Srel) to the interface. The relative sedimentation flux
is defined as:

Srel = ρs · c · (whs − ve) (4.5)

in which wsh is the settling velocity of single grains including the effect of hin-
dered settling. The flux of grains moving through a downward moving interface is
equal to the eroding flux of grains eroding from the sand bed:

E − Srel = E − ρs · c · (whs − ve) = ρs · ve · (1− ni) (4.6)

Equation (4.6) can be used to determine the erosion velocity:

ve = E − S
ρs · (1− ni − c)

(4.7)

It is questionable which value for the concentration (c) should be used in Equa-
tion 4.7. It influences the sedimentation flux as well as the effective settling velocity
of grains including the effect of hindered settling. This concentration should be
representing the concentration of the flow close to the top of the sand bed: the
near-bed concentration (cnb). However, the level at or height over which this near-
bed concentration should be determined is unknown.

The value of the near-bed concentration was also addressed by Miedema and
Ramsdell (2016) in case of heterogeneous slurry transport. Instead of using the for-
mulation for the hindered settling velocity of grains: whs = ws ·(1− c)n (Richardson
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and Zaki, 1954), in order to determine the concentration profile of a sand-water mix-
ture, Miedema and Ramsdell (2016) developed an adapted equation for the hindered
settling velocity incorporating the effect of the concentration gradient influencing
the hydraulic pressure loss in case of heterogeneous slurry transport:

whs = ws ·
(

1− c

0.175 · (1 + n)

)n
(4.8)

As a result of the concentration gradient, the concentration close to the bottom
of the pipe (near-bed concentration) will be higher than the average concentration.
The factor c/0.175 · (1 + n) is a measure for the quotient between the near-bed con-
centration (cnb) and the average concentration of the flow (c). For small grains (d50
< 70 µm) n approaches to 4.65 giving for the factor c

0.175·(1+n) ≈ 1.05 · c. The near-
bed concentration approaches the average concentration. This is in accordance with
the concentration profile of sand-water mixtures consisting of relative small grains.
For larger grains (d50 > 1.5 mm) n approaches to 2.39 and the near-bed concen-
tration (cnb) approaches to 1.69 · c. This means that the near-bed concentration is
approximately 1.7 times the average concentration. At high average concentrations,
this approach can not be valid, because the near-bed concentration can not exceed
the bed concentration.

Besides, it should be noted that the near-bed concentration is also influenced
by the shear velocity or bed shear stress, which is not taken into account in this
approach. This approach is developed for heterogeneous slurry transport in case
pick-up and sedimentation are in equilibrium. This is not the case during erosion as
long as pick-up and sedimentation are not in equilibrium. In this case the near-bed
concentration will be higher than during heterogeneous slurry transport and will be
influenced by the shear velocity or bed shear stress.

4.3.2. Influence of transport capacity
When the pick-up exceeds the sedimentation flux the average concentration of the
flow increases along the eroding sand bed. The concentration of the flow increases
until the maximum transport rate (Qt,max) of the flow is reached. In this situation
the pick-up and sedimentation flux are in equilibrium (Figure 4.9). The length
at which the maximum transport capacity is reached is defined as the adaptation
length (la), see Section 4.7.

Experiments and mathematical modeling by Voogt et al. (1991) show this effect.
In a flume with a length of 110 meter (length of test section 60 meter) erosion tests
were carried out with sand with a grain size (d50) ranging between 205 and 230 µm.
The depth-averaged flow velocity during these tests ranged between 1.0 and 2.8 m/s.
The water depth (h) during the test was 1.15 meter. The depth-integrated transport
capacity was determined at two locations in the flume, showing an increase of the
transport rate along the eroding sand bed. Figure 4.10 shows the results of a test
with sand with a d50 of 220 µm. The figure presents the measured relative transport
rate (Qt/Qt,40: in which Qt,40 represents the transport capacity at a distance of 40
m from the beginning of the sand bed in the flume) as function of the position of the
sand bed in the test section (x/hf ). The calculated transport capacity, as shown in
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Figure 4.9: Transport capacity as function of the distance along the sand bed (x/hf )

Figure 4.10, was based on a convection-diffusion equation (Voogt et al., 1991).
After calibration of the model with the measured transport capacity, the model

was used to calculate the equilibrium or maximum transport capacity, which was
assumed to be reached at coordinate x/hf = 200. The increase of the transport
capacity (dQt/dx) is directly related to the difference between the pick-up and
sedimentation flux (Figure 4.10):

dQt
dx

= E − S (4.9)

Figure 4.10 shows that the transport capacity increases linearly with the distance
to the beginning of the sand bed until x/hf = 30. The sedimentation flux was
negligible in this first section, because the concentration of sand in the eroding
flow in this part was too low to cause any significant sedimentation flux. The
erosion velocity (ve) is directly related to the pick-up flux (E). After x/hf = 30
the sedimentation flux increased significantly reducing the increase of the transport
capacity as function of x/hf . At x/hf = 200 the pick-up flux is in equilibrium with
the sedimentation flux (E = S: ve = 0), meaning the maximum transport capacity
is attained.

The effect of the transport capacity can also be determined by comparing the
concentration in a situation in which the pick-up flux is developing along an eroding
bed. The Rouse-profile is based on the balance between the downward-directed
sedimentation flux and upward-directed turbulent diffusion of grains (Section 3.5.3).
As long as the average concentration of a flow, with a pick-up flux exceeding the
sedimentation flux, is smaller than the average concentration of a flow in which
sedimentation and turbulent diffusion are balanced, the upward diffusion is enough
to enable the increase of the average concentration (Figure 4.11). The pick-up
flux can develop until sedimentation and pick-up flux are in equilibrium and the
concentration profile meets the Rouse profile.
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4.4. Grain by grain erosion
In the grain by grain erosion regime the erosion process is dominated by the be-
havior (erosion) of separate grains (Bisschop et al., 2016). The most well-known
pick-function in this regime is the empirical equation of van Rijn (1984a), see Equa-
tion (4.11). This equation is applicable for low flow velocities. Application of this
equation at higher flow velocities gives a large overestimation of the pick-up flux
as demonstrated by van Rhee (2010) and Bisschop et al. (2010). van Rijn (1984a)
executed experiments to determine the pick-up rate of grains in the range of 130 µm
up until 1500 µm. These tests were executed with depth-averaged flow velocities
(in the center of the flume) ranging between 0.5 and 1.0 m/s. The bed shear stress
varied between 0.5 and 2 Pa, corresponding to a Shields parameter ranging between
0.02 and 0.6. A Shields parameter of less than 0.6 means that the experiments were
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mainly executed in the condition where erosion is defined by the pick-up of separate
grains. Sheet flow conditions occur at a Shields parameter of more than about 0.5
to 1.0 indicating that the bed shear stress is too low to shear whole layers of sand
(see Section 3.5).

The experimental set-up of van Rijn (1984a) was based on a flume with a vertical
sediment lift, which was moved by an operator. The sediment lift was filled with
different types of sand with an assumed porosity of 0.4. The bed shear stress was
based on measurements of the local flow velocity close the bed. The bed shear stress
was derived using:

u∗ = u(z) · κ
ln
(
z
z0

) (4.10)

in which κ is the constant of von Karman (= 0.4), z is the vertical coordinate
and z0 is the zero velocity level: 0.11 · (νw/u∗)+0.033 ·ks. The origin of the velocity
profile (z = 0) was considered to be located at a distance of 0.25 · d50 below the
top of the grains. The effective roughness height (ks) was considered to be equal
to 2 · d50. Analysis of the experimental data have yielded the following empirical
pick-up function (van Rijn, 1984a):

E = 0.00033 · ρs · [∆ · g · d50]0.5 ·D0.3
∗ · T 1.5 (4.11)

in which ∆ is the relative grain density: (ρs - ρw)/ρw. Other erosion equations
were developed by Nagakawa and Tsujimoto (1980):

E = α · ρs · (∆ · g · d50)0.5 ·
[
1− 0.035

θb

]3
· θb (4.12)

and Fernandez Luque (1974):

E = α · ρs · (∆ · g · d50)0.5 · (θb − θcr)1.5 (4.13)

Equations (4.13) shows a close resemblance with the equation for the bed-load
transport rate of Meyer-Peter and Müller (1948):

Qt = 8 · ρs · d50 · (∆ · g · d50)0.5 · (θb − θcr)1.5 (4.14)

Equation (4.12) and (4.13) yield the best results for grain sizes of < 200 µm.
van Rijn (1984a) have fitted the factor α for the executed tests. The value of 0.02
proved to be the best fit for the results of the experiments with a grain size between
130 and 190 µm.

Figure 4.12 shows that the influence of the grain size on the pick-up flux accord-
ing to Equation (4.11) (van Rijn, 1984a) is negligible, while Equations (4.12) and
(4.13) show a significant influence of the grain size. The pick-up flux increases at
a decreasing grain size. This is in line with the concept of grain by grain erosion.
Small grains erode easier because their low resisting force to erosion, showing the
dominance of the behavior of single grains in this regime.
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Figure 4.12: Pick-up flux according to Eqs. 4.11 (van Rijn, 1984a), 4.12 (Nagakawa and Tsujimoto,
1980) and 4.13 (Fernandez Luque, 1974) using Equation (4.1) for the critical Shields parameter

4.5. Dilatancy reduced erosion
The flow conditions during dilatancy reduced erosion are comparable to sheet flow.
Both processes take place at a relatively high flow velocity (more than 1 m/s) and
bed shear stress (> 1.5 Pa). For grains with a size between 100 and 500 µm this cor-
responds with a Shields parameter of 0.5 to 1.0. This criterion agrees approximately
with the criterion for the beginning of sheet flow. Several experimental results (Gao,
2008) suggest that the sheet flow regime starts at a Shields parameter of 0.5. In this
regime the bed is completely mobile resulting in sheared layers of grains (see Section
3.5). Dilatancy reduced erosion is based on the same process. At these conditions
the pick-up flux is considered to be affected by the shearing of layers of sand. De-
pending on the in-situ porosity shearing can result in dilatancy, introducing a pore
water under pressure and hence an inward hydraulic gradient into the sand bed (van
Rhee, 2010). The pore water under pressure results in an increase of the effective
stress and hence an increase of the resistance to shear and reduction of the pick-up
flux. This effect introduces the effect of soil mass properties like dilatancy, relative
density and permeability. For instance a low permeability (k) causes a relative high
inward hydraulic gradient resulting in a relative high extra downward force on the
eroding layers of grains and thus restricting the effective pick-up flux.

Similar behavior was encountered during the breaching process of a vertical wall
of sand. Shearing of this vertical wall results in dilatancy, leading to pore water
under pressures. As a result the effective stress increases, hence increasing the
shear resistance. Breusers (1977) derived an equation for the active wall velocity
(horizontal propagation velocity of a vertical wall of sand), introducing the effect of
bulk properties like relative density and permeability.

4.5.1. Models
Winterwerp et al. (1992) are the first researchers publishing data of erosion ex-
periments executed at a Shields parameter of more than 1 (2 < θb < 35). The
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corresponding bed shear stress is between 5 and 130 Pa. The research of Winterw-
erp et al. (1992) has been based on field surveys and laboratory experiments. The
field surveys were executed during the construction of a sand dam close to an estu-
ary. The erosion and sedimentation rates were observed during a sand-mixture flow
(released from a pipe) between guide bunds of sand. The laboratory experiments
were executed in a tilting flume. During the experiments a sand-water mixture
flowed over a steep slope to establish supercritical flow. The slope was decreased up
to the point where the growth of sand bars was observed. The slope just before the
development of the sand bars has been used as the condition at which sedimentation
and erosion were in balance (Winterwerp et al., 1992). The effective pick-up flux
has been corrected for the sedimentation flux (S) including the effect of hindered
settling 1:

S = ρs · ws · c · (1− c)n (4.15)

Winterwerp et al. (1992) has used for n a constant value of 4. The Shields
parameter was calculated using:

θb = fb
8 · (1 + ∆ · cav) ·

(
U√

∆ · g · d50

)2

(4.16)

in which fb is the Darcy-Weisbach friction coefficient as a result of flow along a
sand bed (value based on grain size) and cav is the depth-averaged concentration
of sand-water mixture. The near-bed concentration was assumed to be 0.35 for all
experiments (Winterwerp et al., 1990). However, the exact level of the near-bed
concentration was not defined. The approach of Winterwerp et al. (1992) does not
incorporate the effect of the shearing of layers of sand during erosion on the effective
bed roughness. Numerous publications mention the implicit relation between the
bed shear stress and effective bed roughness. It is assumed that the roughness
height during sheet flow conditions is influenced by the thickness of the mobile
layer. The thickness of this layer is considerable larger than the size of the grains,
resulting in a larger fictitious bed roughness and friction coefficient. This means
that the shear stress is underestimated during these field survey and laboratory
experiments. Nevertheless Winterwerp et al. (1992) have used these data to derive
an empirical relation for the pick-up flux:

E = 0.012 · ρs · (∆ · g ·D50)0.5 ·D0.3
∗ ·

(
θ0.5
b − 1.3

)
(4.17)

The constant 1.3 limits the applicability of Equation (4.17) to the dilatancy
reduced erosion regime. More recently, Mastbergen and van den Berg (2003) have
1It should be noted that in case the concentration (c) is equal to the concentration of the sand
bed (cb), the correction for hindered settling: (1 − cb)n should give a settling flux of 0. However,
use of Equation 4.15 does not give this result. When the original approach of (Richardson and
Zaki, 1954) is used, the settling flux at c = cb is not zero. Instead, a better approach for this
term is proposed:

(
1 − c

cb

)n2 . It should be noted that the coefficient n should be adapted to n2
in order to find the same correction for hindered settling in case the original approach is used for
low concentrations.
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developed an empirical equation including soil bulk properties like permeability,
relative density and dilative behavior in order to describe the breaching process in
fine sands. Mastbergen and van den Berg (2003) have derived an empirical pick-up
function for the dilatancy reduced erosion regime, based on the data of van Rijn
(1984a) and Winterwerp et al. (1992):

E = ρs · (1− ni) ·

√
0.018 · (θb − θcr)1.5 ·D0.3

∗ · kmax · (1− nmax) ·
√

∆3 · g · d50

nmax − ni
(4.18)

in which kmax is the permeability at the maximum porosity of the sand bed.
The critical Shields parameter is set on a fixed value of 0.06 and is comparable
to the critical Shields parameter of sand with a grain size of approximately 150
µm. Equation (4.18) shows that the erosion rate increases as the permeability of
the sand increases. Coarse sand will erode easier than fine sand because of its
higher permeability. A high permeability means that the erosion of sand is less
restricted by the inward flow of water into the sand bed as a result of the dilative
behavior. However, at larger grain sizes (d50 > 1 mm) the effect of the inertia of the
grains starts to influence the erosion process (see Figure 4.13), reducing the effective
pick-up flux of coarse sand. The flow conditions and properties of the grains meet
the grain by grain erosion regime, because the properties of single grains start to
influence the pick-up flux.
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Figure 4.13: Pick-up flux as function of grain size (Mastbergen and van den Berg, 2003)

Later Mastbergen (2006) described a new empirical equation for high flow ve-
locities:

E = 0.018 · ρs ·
√

∆ · g · d50 · (θb − 0.06)1.5 ·D0.3
∗ (4.19)

Equation (4.19) is not related to bulk properties as permeability and porosity.
However, if Equation (4.19) is rewritten as a direct function of the grain size, this
equation shows surprisingly a decreasing pick-up flux when the grain size increases
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(increasing permeability). This is in contradiction with the concept of dilatancy
reduced pick-up and the model published by Mastbergen and van den Berg (2003).

van Rhee (2010) has derived a model to adapt existing pick-up functions, ap-
plicable in the grain by grain erosion regime such as Equation (4.11), for high flow
velocity erosion by taking into account the effect of the dilatant behavior of sand
during shearing. The resulting shear stress of a flow over a sand bed causes shear
of the top layer of the sand bed. The porosity of the top layer has a tendency to
increase as a result of shear (dilatancy), resulting in pore water under pressures.
This increases the effective stress and thus the resisting shear resistance of the sand
bed. The pore water under pressure creates an inflow of water and the specific
discharge into the sheared zone (q) as a result of the inward hydraulic gradient (i)
as determined by the law of Darcy:

q = −k · i (4.20)

Equation (4.20) demonstrates that a low permeability limits the inflow rate of
water and thus reducing the effective pick-up flux. van Rhee (2010) has incorporated
this effect in an adapted critical Shields parameter (θ′cr) for a flow over a horizontal
bed:

θ
′

cr = θcr ·
(

1 + ve
k
· nl − ni

(1− nl) · (1− ni) ·∆

)
(4.21)

in which nl is the porosity of the sheared layer. van Rhee (2010) has described
that the critical porosity (ncr) can be used as a measure for (nl). The critical
porosity is defined as the value of the porosity that will occur during shear after
large deformations. Neither dilatation nor contraction will occur at this porosity.
The critical porosity depends on the sand type and effective stress. At the top
of a sand bed the effective stress is negligible. The effective stress will be mainly
determined by the hydraulic gradient in the top of the sand bed. van Rhee (2010)
has used nmax as the best estimate for nl. van Rhee (2010) has assumed this as
reasonable, because the porosity has to increase to a porosity above the critical
porosity and maybe even to a porosity above nmax, in order to make it possible for
the flow to pick-up the grains. van Rhee (2010) has used Equation (4.11) to combine
the concept of dilatancy reduced pick-up with the grain by grain erosion regime:

E = 0.00033 · ρs · (∆ · g · d50)0.5 ·D0.3
∗ ·

(
θb − θ

′

cr

θ′cr

)1.5

(4.22)

However, other equations for the pick-up flux in the grain by grain erosion regime
could also be used as long a they are related to θcr). van Rhee (2010) has defined the
inequality ve/k > 3 as the condition at which the permeability starts to influence
the erosion process (dilatancy reduced erosion regime). This criterion corresponds
with a value for the Shields parameter just above the critical Shields parameter
(≈ 0.05). This is far below the criterion for sheet flow and the bulk properties of
the sand bed can not have influenced the pick-up flux. The bed shear stress at these
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flow conditions is not large enough to shear multiple layers of sand. However, as a
result of the upward movement of the grains, the grains are hindered by the flow
of water around these grains. The resulting drag force reduces the entrainment of
grains. So this criterion can be used as the condition at which dilatancy reduced
erosion starts to influence the pick-up flux.

The criterion ve/k > 50 to 100, for sand with a grain size between 200 and 400
µm, will represent the conditions at which multiple layers of sand are sheared. This
criterion corresponds with a Shields parameter of 0.5 to 1.0. The conditions for the
dilatancy reduced erosion regime are fully met.

Figure 4.14 compares the models of Winterwerp et al. (1992), Mastbergen and
van den Berg (2003), Mastbergen (2006) and van Rhee (2010) for sand with a d50
of 200 and 400 µm. This figure shows that the calculated pick-up flux according
to Mastbergen (2006) significantly deviates from the other models including the
opposite effect of the grain size on the pick-up flux.
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Figure 4.14: Pick-up flux according to Equation (4.17) (Winterwerp et al., 1992), (4.18) (Mastber-
gen and van den Berg, 2003), (4.19) (Mastbergen, 2006) and (4.22) (van Rhee, 2010)

4.5.2. Influence of bulk properties
The models in the dilatancy reduced erosion regime consider that in this regime bulk
properties, like porosity and permeability, influence the erosion process. However, a
limited amount of data is available in which the influence of these bulk properties is
explicitly confirmed by experiments. Experimental results of Roberts et al. (1998)
show the influence of the porosity, while the influence of the permeability is theoret-
ically explained by van Rhee (2010) and compared to erosion experiments executed
by Foortse (2016).

Porosity
Roberts et al. (1998) executed erosion experiments on silt and sand with an average
grain size (d50) ranging from 5.7 µm (fine silt) to 1350 µm (coarse sand). The results
of these experiments show that for sand with a grain size up to 125 µm the pick-up



4.5. Dilatancy reduced erosion

4

83

flux decreases as the porosity of the sand bed decreases (increasing bulk density:
see Figure 4.15).
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Figure 4.15: Pick-up flux as function of grain size and porosity at a bed shear stress of 1.6 Pa
(Roberts et al., 1998)

However, the porosity does not influence the erosion rate for sand with a grain
size of more than 125 µm. The Shields parameter during the experiments on the
coarsest sand types (d50 ≥ 222 µm) was less than 0.5, meaning that the condition
for sheet flow was not met. This means that during these experiments erosion was
determined by the behavior of single grains instead of layers of grains: grain by
grain erosion regime. A bulk property as the porosity does not influence the pick-up
flux in this regime.

Permeability
The model of van Rhee (2010) theoretically explains the influence of the permeability
on the pick-up flux. The results of the experiments of Roberts et al. (1998) show,
implicitly, the influence of the permeability on the pick-up. Figure 4.15 shows,
for a grain size of up to 222 µm, that the pick-up flux increases at increasing size
of the grains. This effect can be explained by the effect of the grain size on the
permeability. The permeability of sand increases at increasing grain size. In case of
dilatancy reduced erosion a higher permeability results in a relative low hydraulic
gradient, causing a lower reduction of the pick-up flux in comparison with sand with
a lower permeability and consisting of smaller grains. It should by noted that for
the finest sand types (d50: 5.7, 14,8 and 18,3 µm) van der Waals forces can have
influenced the pick-up flux. These forces cause a kind of cohesive effect and increase
the critical Shields parameter for inert (quartz) silt in comparison with coarser
material (Miedema, 2013). This effect could have been also (partly) responsible for
the reduction of the pick-up flux.

Recently Foortse (2016) executed erosion experiments on two types of sand,
mixed with different amounts of bentonite. Bentonite is a clay with a high swelling
capacity, reducing the permeability when mixed with sand. Figure 2.4 shows the
influence of bentonite on the permeability of sand with an average grain size (d50) of
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125 µm and 256 µm. Direct shear tests revealed that up to 10% of added bentonite
the friction characteristics of the sand types did not change in comparison with sand
without bentonite, meaning that the typical behavior for sand (drained behavior)
was maintained during these experiments. The friction angle of 150 µm sand varied
between 38◦ and 43◦ and for the sand with a d50 of 256 µm values between 34 and
37◦ were measured.

Foortse (2016) executed the erosion experiments in an open flume with a width
of 0.145 m. Flow velocities were varied between 1 and 2 m/s. The porosity of the
sand-bentonite mixture was between 0.40 and 0.41. Figure 4.16 shows the measured
pick-up flux as function of the permeability for a flow velocity of approximately 1.1
and 2.0 m/s. The results show that for sand with an average grain size of 256 µm
the pick-up increases as function of the permeability at a flow velocity of 1.1 and 2.0
m/s. The sand with an average grain size of 150 µm also shows an influence of the
permeability at a flow velocity of 2.0 m/s. Besides the influence of the permeability
on the pick-up flux, the results show also an influence of the grain size on the pick-
up flux. This could be caused by the fact that the condition for dilatancy reduced
erosion of ve/k > 3 was not met for all experiments.
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Figure 4.16: Pick-up flux as function of permeability (Foortse, 2016)

4.5.3. Theoretical approach dilatancy reduced erosion
Instead of the approach of van Rhee (2010), adapting an existing pick-up function
with the effect of dilatancy reduced erosion, the pick-up flux can be derived directly
from the theory of dilatancy reduced erosion. This model is based on a flow exerting
a horizontal force (Fb) resulting in a sheared layer of sand, dilating with a thickness
hs, while the erosion front moves down with a velocity ve (erosion velocity), see
Figure 4.17. The horizontal forces, as exerted by the flow over the bed, should be
in balance with shear resistance caused by:

• shear resulting in a sheared layer with thickness hs: the resisting force de-
pends on the effective stress, increased by the influence of the resulting inward
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hydraulic gradient into the sand bed and the angle of internal friction (φ): Fw;

• the horizontal acceleration of the sheared layer and horizontal force required
to induce a vertical acceleration: Facc.
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sheared layer 

erosion front 
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Figure 4.17: Theoretical approach dilatancy reduced erosion

Under steady-state conditions the horizontal forces exerted by the flow on the
sand-bed should be in balance with the resisting horizontal forces (Fr = Fw + Facc):

Fb = Fw + Facc (4.23)

Lu (2012) concluded on the basis of a comparison of the results of the erosion
experiments of Bisschop (1993) and Bisschop et al. (2016) with the approach as
mentioned above, that the effect of inertia can be neglected during erosion up to
depth-averaged flow velocities of 5 m/s for sand with a grain size between 80 and
562 µm. Neglecting the effect of inertia, this leads to the following equilibrium:

Fb = Fw (4.24)

with Fb = τb ·A and Fr = τr ·A this results in:

τb = τr (4.25)

Effect of effective stress and friction
The resisting shear stress (τr) is determined by the effective stress and friction of
the dilated layer:

τr = σ′z · tanφ = (1− ni) · (ρs − ρw) · g · hs · tanφ (4.26)

The porosity (ni) can be assumed as the average porosity of the sheared layer.
The porosity above the non-disturbed bed increases linear as function of the distance
to the non-disturbed bed (see Section 3.5.3).
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Effect of inward hydraulic gradient
The inward hydraulic gradient results in an increase of the effective stress resulting
in an increase of the resisting shear stress (τdil) of:

τdil = i · ρw · g · hs · tanφ (4.27)
The hydraulic gradient during erosion matches (van Os and van Leussen, 1987),

(van Rhee, 2010):

i = ve
k
· nmax − ni1− nmax

(4.28)

Combining Equation (4.24), (4.26), (4.27) and (4.28) provides a solution for the
erosion velocity:

ve = k · (1− nmax)
nmax − ni

· τb − (1− nmax) · (ρs − ρw) · g · hs · tanφ
ρw · g · hs · tanφ

(4.29)

The unknown in Equation (4.29) is the thickness of the sheared layer. Because
this parameter depends on the effective stress including the effect of the inward
gradient during the erosion, this parameter can not be determined directly.

4.5.4. Effect of Suction
Numerous studies are executed concerning the influence of suction and injection on
the moment of incipient motion of grains (critical Shields parameter). Jacobsen and
Magda (1988) are two of the few researchers who studied the effect of suction and
injection on the pick-up flux of sand (Figure 4.18). The results of these experiments
show that an outward gradient of water (injection of water into the flow) gives a
slight reduction of the flow rate for the incipient motion of the grains. However, the
curves (A and B) for the pick-up flux above incipient motion are nearly identical.
Suction (flow of water into the sand bed) increases the resistance against motion
and decreases the pick-up flux as function of the flow velocity (A and C). This effect
is consistent with the theory of dilatancy reduced erosion.

4.5.5. Forced Suction and Sediment Transport
Section 4.2.3 describes the effect of suction and injection on the critical Shields
parameter, being a key issue for dilatancy reduced pick-up. Studies regarding the
effect of forced inflow of water in the sand bed (suction) on sediment transport
and scour show different effects, comparable to the effect on the critical Shields
parameter as described in Section 4.2.3. Forced suction can lead to an increase
as well as a decrease of sediment transport. Suction changes the near-bed flow
field (Section 4.2.3). This effect increases the driving force on sand grains, hence
increasing sediment transport rates. The opposite effect is the result of the vertical
flow through the sand bed leading to an extra downward drag force, hence increasing
the effective weight of the grains. This reduces bed load transport (Cao and Chiew,
2013). The dominating effect depends on the flow conditions, amount of suction
and bulk properties (permeability and porosity) of the sand bed.
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Figure 4.18: Pick-up of sand after 30 minutes as function of the flow rate: A = no pressure gradient,
B = injection and C = suction (Jacobsen and Magda, 1988)

Two experimental studies as reported by Cao and Chiew (2013) show that suction
increases bed load transport in closed-conduits as well as in open channel flows.
The change of the near-bed flow field is considered to be dominant over the effect
of the vertical flow increasing the effective weight of the grains. Other studies show
an opposite effect on sand transport. In the experiments of Brink and Oldenziel
(1974) suction decreases the rate of sand transport, while also an increase of the
horizontal near-bed flow velocity was reported. These results show that the effect
of suction on the effective weight of the grains dominated. Soltani-Gerdefaramarzi
et al. (2014) show a similar effect of bed suction. Their experiments, on scouring
around a circular pier, showed that suction leads to a reduction of the development
of the scour depth. These different effects of suction were also noted by a summary
of different studies presented by Jahan (2014).

4.6. Bulk erosion
Cao (1997) has presented a theoretical model including the influence of turbulence
on the pick-up flux of grains. Most empirical and theoretical models assume that
the driving force for erosion is determined by a an average horizontal shear stress
acting on a horizontal eroding sand bed. However, turbulent flows are characterized
by turbulent bursts consisting of repeatable and cyclic fluid motions referred to as
ejection and sweep events (Cao, 1997). This means that under turbulent conditions
the sand bed is subject to changing loads. Turbulent sweeps exert temporarily a
vertical downward force on the sand bed, while during ejections the turbulent streaks
move in vertical direction moving grains to upper parts of the flow (see Chapter 3).

The model of Cao (1997) was based on assumptions regarding the time and
length scale of turbulent bursting and assumes one layer of grains is eroded over the
area of all bursts per unit of bed area. The time scale of the turbulent bursts: TB is
based a non-dimensional bursting period: T+

B ≈ 100 (Luchik and Tiederman, 1987)
and is expressed as:
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TB = νw ·
T+
B

u2
∗

(4.30)

The amount of characteristic turbulent bursts per unit bed area depends on the
dimensions and spacing of the bursts. In smooth wall circumstances the scale of the
bursts is in axial direction of the flow about 40 ·νw/u∗ and in transverse direction
25 ·νw/u∗. The spacing of the burst in axial and transverse direction is 500 ·νw/u∗
respectively 100 ·νw/u∗ (Nezu and Nakagawa, 1993). This means for the averaged
area of all bursts per unit of bed area (λb):

λb = 40 · 25/ (500 · 100) = 0.02 (4.31)

Cao (1997) has assumed that the flow depth has no influence on turbulence
bursting, as based on several studies and experiments on sediments entrainment in
relation to flow depth. The influence of grains and associated wall roughness on the
bursting process, however, is not well known. Limited data is available regarding the
influence of grains on the bursting process. Besides this, Cao (1997) has discussed
the influence of the size difference of the bursts and the ability to pick-up grains from
the sand bed. Only sufficiently energetic bursts of enough large scale are able to o
pick-up grains. However, limited information is available regarding the influence of
the bed shear velocity on the ability to pick-up grains from the sand bed. Based
on a theoretical study Aseada et al. (1989) have proposed that the fraction of area
from which grains are picked up increases with the Shields parameter. Cao (1997)
has used this assumption to quantify the influence of the bed shear stress on the
pick-up flux by relating the amount of bursts per unit bed area to the bed shear
velocity and critical bed shear velocity for initial motion of grains (u∗c) according
to:

A = λb ·
(
u2
∗/u

2
∗c
)

(4.32)

The sediment pick-up flux (mass flux) is:

E = A ·N · ρs · π · d3

6 · TB
(4.33)

with N as the number of grains per unit bed area: 6 · (1− ni)/π · d2. Using
Equation (4.30), (4.31), (4.32) and (4.33) Cao (1997) defined the turbulent bursting
based pick-up flux:

E = λb ·
(
u2
∗ − u2

∗c
)
· u2
∗ · (1− ni) · ρs · d

u2
∗c · νw · T+

B

(4.34)

Cao (1997) has compared this model with the experimental results of van Rijn
(1984a) and has concluded that for sand with a grain size between 130 and 1500 µm
the model agrees well with these data. It should be noted that the flow velocity of
these experiments was within the grain by grain erosion regime, making this pick-up
function only applicable in the erosion regime. The model of Cao (1997) gives in the
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grain by grain erosion regime comparable results as Equations (4.12) and (4.13) as
shown in Figure 4.19. Remarkably the model of Cao (1997) shows that sand with
a larger grain size will have a larger pick-up flux in comparison with sand with a
smaller grain size. This is in contradiction with Equations (4.12) and (4.13) and
the concept of grain by grain erosion, in which the pick-up flux is considered to
decrease at increasing size of the grains. A possible explanation for this defect is the
assumption of Cao (1997) that each burst erodes a layer of grains with a thickness
equal to the grain size, neglecting the influence of the higher weight of larger grains
in comparison with smaller grains.
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Figure 4.19: Pick-up function of Cao (1997) in comparison with pick-up functions valid in the grain
by grain erosion regime

4.7. Adaptation length
Visser (1998) has used the adaptation length (la) to model the erosion of a breach
in a dike. The adaptation length is defined as the distance a flow along an eroding
sand bed needs to develop the full transport capacity (smax) (Galappatti, 1983):

Qt (x) =
(
x

la

)n1

·Qt,max (4.35)

For large values of u∗/ws, n1 is equal to 1. The adaption length can be approx-
imated by (Galappatti, 1983):

la = ξ · U · hf
ws

(4.36)

in which ξ is a coefficient being about equal to 0.4 in case of a (nearly) uniform
flow (Visser, 1998) and hf is the flow height. This approach differs from the results
of Voogt et al. (1991). Galappatti (1983) has assumed a linear increase of the
transport rate as function of the flow distance, while the experimental results as
well as the results of the calculations of Voogt et al. (1991) show a decrease of
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ds/dx as function of the flow distance. A linear increase of the transport rate means
that the sedimentation flux is neglected: dQt/dx = E in the approach of Galappatti
(1983). Neglecting Qt, by combining Equations (4.9), (4.35) and (4.36) a relation
between the pick-up flux, adaptation length and maximum transport rate can be
derived:

E = ws
U · hf

·Qt,max (4.37)

In Equation (4.37) the pick-up flux seems to decrease as function of the flow
velocity, however it should be noted that the transport capacity increases as function
of the flow velocity (Un). Because the constant n is mainly larger than 1, the pick-up
flux increases as function of the depth-averaged flow velocity.

4.8. Hindered erosion
Hindered erosion is defined as the influence of high concentrations of grains sus-
pended in the flow close to the bed and turbulent eddies hindering the pick-up of
grains from the bed. This effect can be explained by the effect of suspended grains
close to the bed, colliding with eroding grains and ticking them back to the bed.
Besides this suspended grains will suppress the effect of turbulence close to the top
of the bed.

Winterwerp et al. (1992) observed that the pick-up was limited by the concentra-
tion of the sand-water mixture. At higher concentrations of the eroding sand-water
mixture the maximum attainable pick-up flux is lower (Figure 4.20). In this figure
the pick-up flux flux was corrected for the sedimentation flux of the grains in or-
der to derive the effective pick-up flux (E). This means that the reduction of the
entrainment of the eroded grains into the eroding sand-water mixture can only be
affected by the influence of suspended grains on eroding grains (hindered erosion),
analogous to the effect of hindered settling (Winterwerp et al., 1992). This influence
of this effect was described by the following empirical equation (Eh: pick-up flux
including the effect of hindered erosion):

Eh = 0.033 · ρs ·
√

∆ · g · d ·
[

1− ni
c
− 1
]

(4.38)

Equation (4.38) shows that erosion with clear water (c = 0) will affect in an
infinite pick-up flux. It means that this equation can only be used for concentrations
of 0.1 or more.

The effect of hindered erosion was also addressed by van Rhee and Talmon
(2010). They have defined a reduction factor incorporating the effect of the near-
bed concentration on the net pick-up flux:

Eh = E · 1− ni − cnb
1− ni

(4.39)

Their approach is based on the assumption that the pick-up flux is determined
by turbulent bursts (Cao, 1997). Due to these bursts grains are not only picked up.
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Figure 4.20: Maximum pick-up flux, corrected for the sedimentation flux, influenced by the con-
centration of the eroding flow (Winterwerp et al., 1992), including the concept of hindered erosion
(n = 1.38 and E = 7.45 kg/(m2·s))

Part of the suspended grains will be transported back to the bed surface hindering
and reducing the pick-up. van Rhee and Talmon (2010) checked the validity of
Equation (4.39) on the basis of the results of erosion experiments on three sand
types in a rectangular measurement section. The data of these experiments, as
presented in Figure 4.21, show the hindered pick-up flux (Eh) and net pick-up flux
(E), using Equation (4.39). Comparison of the hindered pick-up and net pick-up
flux shows that the scatter of the data of the experiments is reduced and the erosion
behavior of the three sand types is more distinctive, when using Equation (4.39).
This indicates that the effect of hindered erosion, can be determined according to
Equation (4.39). However, this approach does not fit the data of Winterwerp et al.
(1992) (Fig. 4.20).
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Figure 4.21: Hindered pick-up (Eh) as function of bed shear stress (a) and net pick-up flux (E) as
function of bed shear stress (b) for sand with a d50 of 125, 150 and 185 µm (van Rhee and Talmon,
2010)
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Another approach to incorporate the effect of the concentration of the sand-
water mixture can be based on the reversed concept of hindered settling according
to Richardson and Zaki (1954):

Eh = E ·
(

1− c

1− cmax

)n
(4.40)

This approach limits the concentration to the maximum concentration (cmax),
which can be considered as 1 − nmax. This approach coincides well with the data
of Winterwerp et al. (1992) for n = 1.38 and E = 7.45 kg·m2/s (Figure 4.20).

4.9. Discussion
Figure 4.22 shows the different erosion regimes after the flow conditions exceed
the critical Shields parameter: grain by grain erosion regime and the dilatancy
reduced erosion regime. The driving force could be horizontal or vertical oriented.
The driving force of the main existing pick-up functions are based on a horizontal
oriented bed shear stress. Both regimes are influenced by hindered erosion and the
transport capacity of the eroding flow.

The so-called Shields curve gives a good indication of the flow conditions at
which grains start to erode. Recently Miedema (2012a) developed a full theoretical
model, using rolling or sliding as the main mechanism for the initiation of motion,
to match the Shields curve and several measurements from literature. This models
includes the effect of the exposure level of the grains, flow velocity profile close
to the sand bed, drag and lift and the influence of the velocity fluctuations as a
result of turbulence. It should be noted that the Shields curve does not predict
the exact moment at which single grains start to move. Grains could start to move
at a lower or higher Shields parameter due to differing exposure levels and the
influence of turbulence. Miedema (2012a) showed that the Shields curve (Figure
4.1) corresponds with approximately 100 to 1000 moving grains per m2 or transport
conditions like the general transport of grains: almost all grains at the top of the
sand bed are mobile. 
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Figure 4.22: Overview different erosion regimes and processes influencing conditions

After exceeding the Shields curve the pick-up flux increases. Up to a flow ve-
locity of approximately 1 m/s and/or Shields parameter of 0.5, the pick-up flux is
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dominated by the properties of the grains, like size and density. In this regime the
erosion process is assumed to be dominated by the erosion of single grains which are
entrained into the eroding flow: the grain by grain erosion regime. Empirical pick-up
flux models like that of van Rijn (1984a) are applicable in this regime. Theoretical
models are not available, however Cao (1997) made a first attempt to include the
effect of turbulent bursting in a pick-up function. However, this function showed
an increasing pick-up flux for grains of larger size. This is in contradiction with the
concept of grain by grain erosion. This effect was caused by the assumption that
turbulent bursts erode a single layer of grains with a thickness equal to the size of
the grains.

At higher flow velocities and/or Shields parameter layers of grains start to shear
like in sheet flow conditions (θ > 0.5 - 1.0). Winterwerp et al. (1992), Mastbergen
and van den Berg (2003) and van Rhee (2010) have considered that shearing leads
to the influence of the bulk properties of sand, like porosity and permeability. In
case of compacted sand, shearing leads to dilatant behavior. During the shearing
the volume of the voids between the grains increase, resulting in pore water under
pressures. The resulting inward hydraulic gradient increases the stability of the
sheared layer and stability of individual grains at the surface, reducing the pick-up
flux. This is known as the dilatancy reduced erosion regime.

The same behavior is encountered during experiments, executed with forced
suction of water into the sand bed. Suction causes an extra downward resisting
force on the sand bed, hence reducing erosion. Suction has also an additional effect.
The flow velocity directly above the top of the sand bed increases. This leads to a
larger shear force on the grains, hence increasing erosion instead of reducing erosion.
The inward gradient depends on suction velocity and the permeability of sand.
Depending on the permeability of the sand bed, suction volume and flow conditions,
the effect of the changing flow field or the effect of the downward hydraulic gradient
will prevail.

The models of Winterwerp et al. (1992) and van Rhee and Talmon (2010) con-
sider a driving force, modeled as an average shear force at the top of the bed.
However, due to turbulence the size and direction of the forces on the sand will
vary. Turbulent bursts lead to vertical forces on the sand bed introducing bulk ero-
sion by single grains or lumps of sand. The dimensions and energy of these bursts
determine the amount of grains entrained in the flow (Cao, 1997). In case only
grains are picked up by the turbulent eddies, this process is equivalent to the grain
by grain erosion regime. However, only the driving forces are defined in another
way. Higher vertical stresses will lead to shear following a shear plane according to
the wedge of Prandtl (Section 2.3.3). This introduces the influence of the angle of
internal friction of the sand and dilatancy, leading to the influence of the permeabil-
ity of sand to the shearing resistance, comparable to the dilatancy reduced erosion
regime. This failure mechanism is not incorporated in the model of Cao (1997).

Other aspects influencing the pick-up are the density of the eroding flow and
the size of single grains. Winterwerp et al. (1992) and van Rhee and Talmon (2010)
have noticed that, despite their measurements of the pick-up flux were corrected for
the sedimentation flux from the eroding flow, the pick-up flux decreases due to the
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presence of grains in the eroding flow. Like hindered settling, grains in the eroding
fluid hinder eroding grains: hindered erosion. However, this is out of the scope of
the present study, Mastbergen and van den Berg (2003) have noticed that at flow
velocities of more than 1.0 m/s for grains with a size larger than 1 mm the size of
the grains still affects the pick-up flux the to the effect of inertia to accelerate grains
of this size. The erosion regime changes to the grain by grain erosion regime as is
also shown by the experiments of Roberts et al. (1998).

The above analysis shows that the erosion process at flow velocities of more than
1 m/s and a Shields parameter of more than 0.5 is yet not well understood. The
amount of erosion experiments showing the behavior of the sand bed and pick-up
of (layers of) grains is limited. The models of Winterwerp et al. (1992), Mastbergen
and van den Berg (2003) and van Rhee (2010) consider that the fluid exerts an
average bed shear stress acting in horizontal direction, while turbulence causes that
the forces on the bed vary in direction and size as a result of turbulent sweeps and
injections. This results in fluctuations of the normal stress on the bed, influencing
the pick-up. Cao (1997) is the first researcher who has considered this effect. He
incorporates the effect of fluctuations of the normal stress on the sand bed: like size
and time scale of the turbulent sweeps. However, this model does not incorporate
the effect of the stress on the sand bed and resisting force of the sand bed to shear.



5
Experiments

5.1. Introduction
Chapter 4 shows that different erosion regimes exist and that in the dilatancy erosion
regime the bulk properties of the sand bed influence erosion. In the dilatancy erosion
regime it is assumed that the erosion process is determined by the shearing of layers
of sand. However, another publication stresses the effect of the turbulence of the
flow on the erosion process. The amount of data and range of flow velocities of
existing experimental studies is too limited for a proper validation of the dilatancy
reduced erosion regime and/or effect of the turbulence of the flow on the erosion
process.

The effect of bulk properties of sand, as permeability and porosity, has been
investigated by Bisschop (1993) and Roberts et al. (1998), although the flow velocity
during these experiments was limited to 1 and 1.5 m/s. Winterwerp et al. (1992)
and Mastbergen and van den Berg (2003) have presented data at higher values of
the flow velocity (up to 3 m/s) and Shields parameter (up to 30). However these
data were too limited for a proper validation of the erosion process of more than 1
m/s. In order to study the erosion process, check the effect of the bulk properties
of sand on the erosion process and to gather more data of erosion experiments at
flow velocities between 2 m/s and 6 m/s, erosion experiments were executed.

The erosion experiments were executed in an adapted closed flume of the slurry
transport circuit of the Dredging Research Laboratory of Delft University of Tech-
nology (Section 5.2). The experimental set-up already has been shortly described by
Bisschop et al. (2016). Specific instruments were mounted in order to measure cer-
tain parameters during the erosion process, like the discharge and pressure gradient
in the measurement section. Before the execution of the experiments the conduc-
tivity probes were calibrated and the frictional characteristics of the measurement
section were determined, to be able to derive the effective bed shear stress along
the top of the eroding sand bed (Section 5.3). In order to determine the density
of the sand and study the concentration profile during the erosion experiments, the
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conductivity probes were calibrated for the influence of the temperature, type of
sand and composition of the water used to execute the experiments.

Four types of sand were selected for the erosion experiments. Three of these types
were selected because their grain size and behavior were comparable to sand types
encountered during dredging and sand types present in dikes in the Netherlands.
The fourth type of sand was selected for an extra check of the theory of dilatancy
reduced erosion. This type consisted of very fine material (d50 = 51 µm), leading
to a very low permeability in comparison with the other sand types. A relative low
permeability should lead to dilatancy reduced erosion at relative low flow velocities
(1 m/s to 2 m/s) in comparison with the other sand types. The main mineral
constituent of all four sand types was quartz, leading to a comparable physical
behavior. Section 5.4 describes the properties of these four sand types.

Two series of erosion experiments were executed. The first series was executed
in order to test and improve the experimental set-up. The second series consisted
of 4 sets of experiments, each set was executed on a different type of sand. Per set
different experiments were executed in order to investigate the influence of the flow
velocity, type of sand, density of the sand bed and density of the eroding flow on the
erosion process. Each experiment was executed in 5 consecutive tests in order to
calibrate and check several instruments before and during each experiment. The ex-
perimental procedure and the varied operational conditions during the experiments
are described in Section 5.5. Section 5.6 gives an overview of the main findings
regarding the behavior and exhibits of the experimental set-up and used sand.

5.2. Experimental set-up
5.2.1. Experimental arrangement
The test arrangement consisted of a closed circuit in which a sand-water mixture
was pumped through a parallel system of a measurement section and a by-pass
(Figure 5.1). The measurement section was rectangular and had an internal height
of 288 mm, a width of 88 mm and a length of 6.25 m. The sand was added to
the circuit using a silo. The sand-water mixture was pumped through the circuit
(diameter main line is 0.15 m) at a velocity, which was higher than the limit deposit
velocity of the mixture. The sand bed was created by lowering the flow velocity in
the measurement section by (partly) closing the valve to the measurement section
(Figure 5.2a). The by-pass was kept open ensuring that the flow velocity in the whole
slurry circuit stayed above the deposition velocity, preventing the circuit from being
blocked by deposited sand. The valve to the measurement section (valve 1.2, Figure
5.2b) was completely closed after a sand bed with a height varying between 0.15 to
0.20 m was created. The remaining sand in the circuit was discharged to the slurry
tank. Before the actual erosion experiment was executed, a slurry with the desired
density for the erosion test was pumped through the whole slurry circuit via the by-
pass, while the measurement section remained closed. The erosion test was started
by tuning the pump at the desired rotation speed and opening the valve to the
measurement section. The eroding slurry flowed over the created sand bed, starting
the erosion process. The by-pass was kept open during the erosion experiments.
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Thesis Project: “Building a test setup for erosion of granular sediments under high flow velocities”

Summary 

In traditional sand erosion theories of Van Rijn mainly the grain diameter is of interest. This theory 

assumes that each particle is picked up separately. This theory approaches the reality well at low flow 

velocities (0,5 till 2.0 m/s). At high flow velocities it has shown that the Van Rijn formula

overestimates the reality. This resulted in the theory ‘Hindered erosion’. This theory assumes that 

sand erosion, under high flow velocities, should not be considered as picking up loose particles. 

Instead it should be considered as the properties of the whole soil mass. The erosion rate is therefore 

lower, because the particles prevent each other to get picked up by the flow.

To prove the theory of hindered erosion data needs to be collected and analyzed. For the PhD study 

to ‘Hindered erosion of granular sediments’ a test setup is built. Delivering a completely mounted and 

working test setup is a thesis project of the bachelor study ‘Civil Engineering’. With the test setup it is

possible to do tests for sand erosion under high flow velocities.

In the process to build the test setup different considerations were made. In the lab an existing test

setup was present used by Prof. van Rhee for his sedimentation-experiments. Question was if it is 

possible to use this test setup for the study to sand erosion under high flow velocity. The test setup 

included a main line, measurement section and by-pass. 

In the existing test setup the by-pass has a 

diameter of 75 mm. At a maximum discharge of 

450 m
3
/h and a pump pressure of approximately 

4 bar the flow velocity in the by-pass is 14,4 m/s 

and in the main line 3,6 m/s. when the 

measurement section (88mm x 288mm) is half

filled with sand flow velocities in the 

measurement section can reach 10 m/s. This 

means that the flow velocity has to accelerate 

from 3,6 m/s to 10 m/s in very short time.

Probably the 10 m/s will never be reached. This 

will influence the tests.

To solve this problem the bypass is changed from 

diameter 75mm to 150 mm. Now the flow 

velocity in the main line is 7 m/s and a smaller

acceleration has to take place in the 

measurement section (10 m/s) 

The new by-pass requires new branches. These 

are the pieces that connect the main line with the 

by-pass. 

The existing measurement section (88mm x 

288mm) has a disadvantage that the maximum height of the sand bed 70 mm is. A higher sand bed is

possible but then the erosion process will be influenced by trust pressure of the flow and not just the 

bed shear stress. In case of a 70 mm high sand bed the flow velocity in the measurement section is

maximum 6,5 m/s.

A new designed measurement section (88mm x 400mm) was purposed. The advantage of this

measurement section is the possibility to create a higher sand bed and perform the tests under higher

flow velocity. Also the measurement time would be longer. 

Chosen is to build the test setup with the existing measurement section (88mm x 288mm). This is

financial more attractive. The existing measurement section will be adjusted by placing water

pressure devices and a glass window to visualize the erosion process. 

Vertical loop

Silo

Pump

Figure 5.1: Slurry transport circuit consisting of pump, vertical loop, silo, main line, by-pass and
measurement section

5.2.2. Instrumentation
The slurry transport circuit was equipped with the following instruments:

• radio active density meter measuring the spatial concentration in the measure-
ment section. These measurements were also used to calibrate the conductivity
probes.

• conductivity probes at different vertical levels in the measurement section: due
to the difference of the electrical conductivity of water and sand the height of
the level of the sand bed could be determined during the erosion experiments;

• relative pressure gauges measuring the pressure gradient in the measurement
section;

• relative pressure gauges in the vertical loop to determine the density of the
sand-water mixture;

• relative pressure gauges to measure pore water pressures in the sand bed;

• two electromagnetic flow meters to measure the total discharge through the
slurry circuit and the discharge through the measurement section;

• two-axis electromagnetic flow meter;

• temperature sensor.
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(a)

(b)

Figure 5.2: Overview and outline measurement section with: 1.1 to 1.3 = butterfly valves, 2 =
electromagnetic flow meter, 3 = location conductivity probes and 4 = radio active density meter

The spatial concentration of density of the sand-water mixture and sand bed
was determined with the radio active density meter. The vertical level of this in-
strument was adjustable. The measurements with this instrument were also used to
calibrate the conductivity probes. The conductivity probes consisted of two trans-
ducers (diameter 3 mm) placed 8 mm from each other. Fifty six conductivity probes
were mounted in a non-conducting lexan plate in a sloping matrix (see Figure 5.3a).
Each conductivity probe was located in horizontal direction 50 mm and in vertical
direction 5 mm from the surrounding probes, preventing that the probes influenced
each other. This caused that consecutive probes in vertical direction did not have
the same horizontal location (see Figure 5.3b). During the erosion experiments the
potential difference over 16 probes was measured (Figure 5.4), resulting in a vertical
and horizontal distance between the connected probes of 10 and 100 mm.

The pressure gradient measurements were necessary in order to determine the
effective bed shear stress during the erosion experiments. The overall density of the
sand-water mixture was measured in the vertical loop of the slurry circuit. This was
executed by measuring the pressure gradient in the upward and downward section
of the vertical loop (Figure 5.1). The pore water pressures in the sand bed before
and during the erosion process were measured in the second series of experiments
(see Section 5.5.2) with relative pressure gauges, mounted at a certain level above
and in the sand bed. The electromagnetic flow meters were used to control the flow
velocity in the slurry-circuit and to determine the flow velocity in the measurement
section. The two-axis electromagnetic flow meter was mounted at 75 mm above the
inner bottom of the measurement section. The data of this instrument were used to
derive the flow velocity profile above an eroding sand bed. Due to the sensitivity of
this instrument for the impact of grains, these measurements were only executed on
the finest sand (d50 = 51 µm). The measurements with the temperature sensor were
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necessary to calibrate the conductivity probes for the influence of the temperature.
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Water pressure devices 

Glass window 

Lexan window 
Water pressure devices 

(a)

 

50 mm 

5 mm 

Conductivity 

probe 

direction of flow 

(b)

Figure 5.3: Location conductivity probes in lexan plate (a) and outline of sloping matrix of con-
ductivity probes (b)

5.3. Characteristics experimental set-up
Before, during and after each set of experiments the pressure gradient in the mea-
surement section was determined, while flowing with water (Section 5.3.1). These
measurements showed that the friction between the liquid and the wall (wall fric-
tion) of the measurement section changed during the execution of the experiments.
Besides this a thorough calibration procedure was developed to calibrate the mea-
surements with the conductivity probes for the temperature and to determine the
relation of the measured potential difference with the concentration/density of the
slurry or sand bed in the measurement section (Section 5.3.2).

5.3.1. Hydraulic pressure gradient measurement section
Calibration procedure
Calibration of the pressure gradient measurements in the measurement section was
executed before, during and after each set of experiments in both series of experi-
ments (see Table 5.3 and 5.4). Each set consisted of a number of experiments on one
type of sand, in order to determine the friction factor and effective roughness of the
measurement section during this set of experiments and check the calibration of the
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by-pass 
 
 
 
 
 

measurement 
section 

 
 
 

conductivity 
probes 

 
main (return) pipeline 

Figure 5.4: Connected conductivity probes

pressure gauges (Figure 5.5). Before and after each set of experiments the pressure
loss was measured at different depth-averaged flow velocities. During each separate
experiment the pressure loss was checked at a depth-averaged flow velocity of 0 m/s
and approximately 4 m/s. Figure 5.6 shows the results of the calibration of the pres-
sure gradient gauges at different depth-averaged flow velocities for clear water before
and after the set of experiments on Dorsilit sand (see Figure 5.6). Figure 5.6 also
shows the results of the calibration of the pressure gauges during each experiment on
Dorsilit sand (Experiments 61-75 and 82-85). The results of these pressure gradient
measurements show that the frictional characteristics hardly changed during these
experiments and that the pressure gauges did function well.

Determination of wall friction and roughness height
The results of the pressure gradient (dp/dx) measurements were used to determine
the frictional characteristics and roughness height (ks) of the measurement section
using:

A · dp
dx

= τw ·O (5.1)
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Experiments on one sand type 

Calibration pressure gauges 

during each experiment at one 

flow velocity 

Calibration at 

4 or 5 flow 

velocities 

Calibration at 

4 or 5 flow 

velocities 

Figure 5.5: Calibration procedure pressure gradient measurements in measurement section
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Figure 5.6: Results pressure loss measurements executed before, during and after the experiments
on Dorsilit sand (Experiment 61 through 75 and 82 through 85, see Table 5.4)

in which A is the area of cross section of the rectangular measurement section
and O the perimeter of the measurement section. The Darcy-Weisbach friction
factor (fw) is related to the wall shear stress and depth-averaged flow velocity:

τw = fw
8 · ρw · U

2 (5.2)

Combining Equations (5.1) and (5.2) the Darcy-Weisbach friction factor can be
derived from the measured pressure gradient (dp/dx) in the measurement section:

fw = dp

dx
· 2 ·Dh

ρw · U2 (5.3)

in which Dh is defined as the hydraulic diameter ( 4·A
O ). In case of a circular

pipe with diameter D the hydraulic diameter equals 1/4·D, while the hydraulic
diameter equals the water depth in case of a river flow. In this case, with a rect-
angular measurement section, the hydraulic diameter was between 0.5 to 0.8 times
the flow height above the sand bed. The effective roughness of the inner walls of
the measurement section is derived using the following implicit relation between the
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Experiment Roughness height
- mm
1 - 17 0.000080
25 - 37 & 39 - 42 0.000001
38 0.000053
43 0.000001
44 - 51 & 53 - 59 0.000070
52 0.000025
60 0.000027
61 - 75 & 82 - 85 0.000039
76, 78 - 81 & 87 - 89 0.000075
77 0.000157

Table 5.1: Roughness height of walls of measurement section per set of experiments

friction factor, hydraulic diameter, Reynolds number and roughness height for pipes
(Colebrook, 1939):

1√
fw

= −2 · log10

(
ks/Dh

3.7 + 2.51
Re ·
√
fw

)
(5.4)

The initial estimate for the wall friction factor is based on Swamee and Jain
(1976):

fw = 0.25 ·
[
log10

(
ks/Dh

3.7 + 5.74
Re0.9

)]−2
(5.5)

Results
Because the roughness of the walls of the measurement section was not constant and
the experimental arrangement was reconstructed between Augustus and November
2012, the wall friction of the measurement section was defined per set of experiments
(see Table 5.1). Calibration of the pressure gauges before and after each set of ex-
periments, made it possible to check the pressure gauges during each experiment
(see Section 5.5.1). Figure 5.6 shows that the results of the pressure gradient mea-
surements before and after the set of experiments on Dorsilit sand were comparable
to the results of the calibration of the pressure gauges during each separate exper-
iment. On the basis of these measurements the roughness height of the wall of the
measurement section could be derived. For this set of experiments the roughness
height was 0.039 mm. Figure 5.6 shows the calculated hydraulic pressure gradient
based on this roughness height. Table 5.1 gives the representative effective roughness
height for each (set of) experiment(s).

The results as presented in Table 5.1 show that the pressure gradient measure-
ments during experiment 38, 43, 52, 60 and 77 differ from preceding and later exe-
cuted experiments. These results were subject to an extra check during the analysis
of the measurements (Section 7).
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5.3.2. Calibration conductivity probes
The conductivity probes consisted of two transducers (diameter 3 mm) placed 7
mm from each other. The measured potential difference over these transducers
depends on the electrical resistivity of the medium between these transducers and
is a measure for the density of this medium. A relation between the electrical
resistivity and the density of the medium (sand-water mixture and/or sand bed) for
each conductivity probe was based on measuring the electrical resistivity at three
different densities: water, a sand-water mixture (slurry) and sedimented and/or
compacted sand (sand bed). The density of the sand-water mixture and sand bed
at the level of the conductivity probes was measured with the radio active density
meter, which was adjustable in vertical level. However, it should be noted the
electrical resistivity is not only influenced by the density of the medium, but also
by the temperature, the salinity of the water and the type of sand. These influences
made it necessary to execute for each experiment a separate calibration procedure
to determine the influence of the temperature on the electrical resistivity and the
relation of the electrical resistivity with the density for each conductivity probe.

Temperature dependence
During all experiments the temperature dependence of the conductivity probes was
determined during 3 calibration tests: with water (1), sand-water mixture (2) and
sedimented and/or compacted sand: sand bed (3). The first calibration was executed
by measuring the conductivity with water in the measurement section before and
after the experiment. The difference between the temperature before and after the
experiments was large enough to calibrate each conductivity probe for the influence
of the temperature. Figure 5.7 shows the results of the first calibration test for two
selected conductivity probes, mounted at 19 and 224 mm above the inner bottom of
the measurement section. Both conductivity probes showed an equal temperature
dependence for a set of experiments. The difference between all sets was caused by
replacement of water in the system, type of sand and change of the settings of the
signal amplifier.

The temperature dependence of the conductivity probes during the second cali-
bration test, while pumping a sand-water mixture through the measurement section
at a depth-averaged flow velocity above the limit deposit velocity, is presented in
Figure 5.8. Before each experiment the density-height profile was measured at ten
different vertical levels with a radio-active density meter. During this calibration
procedure the temperature of the sand-water mixture increased, enabling the deter-
mination of a relation between the measured potential difference and temperature
for each conductivity probe. Due to differences in the total density of the sand-
water mixture during all experiments no overall relation for each set of experiments
could be derived. However, Figure 5.8 shows that the slope of the relation between
the potential difference and temperature is more or less constant for each group of
experiments.

During the third calibration test for the relation of the electrical resistivity and
density of the medium, executed during each experiment, the density of the sand bed
was measured with the radio-active density meter at 10 different vertical levels. The



5

104 5. Experiments

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

0 5 10 15 20 25 30 35

P
o

te
n

ti
al

 d
if

fe
re

n
ce

 [
V

o
lt

] 

Temperature [°C] 

Exp. 1
Exp. 2 - 11, 14, 15 & 17
Exp. 12 & 16
Exp. 13
Exp. 25 - 42
Exp. 45 - 51
Exp. 52 - 61 excl. 56c, 57c & 60 c
Exp. 56c, 57c & 60c
Exp. 62 - 75 & 82 - 85
Exp. 76 - 81 & 87 - 89

(a)

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

0 5 10 15 20 25 30 35

P
o

te
n

ti
al

 d
if

fe
re

n
ce

 [
V

o
lt

] 

Temperature [°C] 

Exp. 1
Exp. 2 - 11, 13 - 15
Exp. 12 & 16 - 17
Exp. 25 - 42
Exp. 45 - 51
Exp. 52 - 61
Exp. 62 - 75 & 82 - 85
Exp. 76 - 81 & 87 - 89

(b)

Figure 5.7: Temperature dependence of two selected conductivity probes with water in the mea-
surement section, mounted at 19 (a) and 224 mm (b) above the inner bottom of the measurement
section, during all experiments while pumping water through the measurement section

density of the sand bed between each experiment differed from each other, because
during some experiments the sand bed was only sedimented and not compacted,
while during other experiments the sand bed was compacted after sedimentation.
Due to this variation no overall relation could be derived for the relation between
the potential difference and the temperature. Again for each experiment a separate
relation between the potential difference and temperature was determined (see Fig-
ure 5.9). This was possible because during this calibration test the temperature of
the sand bed decreased.

In order to use the results of these calibration tests for the determination of the
relation between the density and measured potential difference for each conductivity
probe, the measured potential difference was corrected for the difference of the
temperature between each of the calibration tests and the actual erosion test of the
experiments, as if the calibration test was executed at the same temperature as the
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Figure 5.8: Temperature dependence of two selected conductivity probes mounted at 19 (a) and
224 mm (b) above the inner bottom of the measurement section, during pumping a sand-water
mixture through the measurement section

temperature during the erosion test.

Relation between electrical resistivity and density
The relation between the potential difference between the conductivity probes and
the concentration of grains in a suspension is often assumed to be linear, however
Maxwell (1881), Bruggeman (1935) and De La Rue and Tobias (1959) have showed
that this relation is curved. Specific experiments with sand with an average grain
size (d50) of 562 µm were executed to determine the shape of the relation between
the concentration and measured potential difference. The shape of the curve was
determined by measuring the vertical density profile with the radio-active density
meter and potential difference over the probes at different overall densities of the
mixture:

• water: 1000 kg/m3;
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Figure 5.9: Temperature dependence of conductivity probe mounted at 19 mm above the inner
bottom of the measurement section during the measurement of the density of the sand bed

• sand-water mixture pumped at an average density of approximately 1100, 1275
and 1425 kg/m3 through the measurement section;

• a non-compacted and compacted sand bed (density approximately 1900 and
1975 kg/m3).
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Figure 5.10: Curved shape of the relation between the relative concentration and relative potential
difference for 562 µm sand

Figure 5.10 shows the relation between the relative concentration (cm/cmax)and
the relative potential difference ((∆Vw −∆Vm) / (∆Vw −∆Vmax)) for all connected
conductivity probes and proved to be of the following form:(

cm
cmax

)α
= ∆Vw −∆Vm

∆Vw −∆Vmax
(5.6)
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in which cm is the measured concentration, cmax is the maximum concentration
of the sand bed, ∆Vw is the potential difference at the presence of water in the
measurement section, ∆Vm is the measured potential difference at the measured
concentration, ∆Vmax is the potential difference at the maximum concentration of
the sand bed. The curved shape, as presented in Figure 5.10, was used to calibrate
all conductivity probes during all experiments. This figure gives also an indication
of the maximum error of the concentration measurements. The maximum absolute
error of relative concentration is approximately 0.05. This means that the maximum
absolute error of the concentration measurement is 0.03.

Figure 5.11 presents the relation between the relative concentration and the
relative potential difference for 4 experiments executed with different sand types (d50
= 51, 125, 262 and 562 µm) for all conductivity probes. The curved relation between
the relative concentration and potential difference could not be checked for the
concentration probes which were situated above the sedimented sand bed, making
it possible to calibrate these probes only in the presence of water and the sand-water
mixture. For these probes a linear relation between the relative concentration and
relative potential difference was assumed.

The calibration procedure showed that for the finest and coarsest sand the re-
lation was curved, while the shape of this relation for sand of medium grain size
(d50 = 125 and 262 µm) was more or less linear. The average of the power (α) in
Equation 5.6 was between 1.05 (d50 = 125 and 262 µm) and 1.45 (d50 = 51 and
562 µm) (see Figure 5.11). The value of α in Equation 5.6 was determined for each
concentration probe for each separate experiment.
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Figure 5.11: Curved and linear shape of the relation between the relative concentration and relative
potential difference for all sand types and concentration probes

5.4. Properties sand
As described in Section 5.1 four types of sand (Zilverzand, Geba, Dorsilit and Sil-
verbond) were used in the experimental program. Three sand types were chosen
because their grain size is comparable to sand present in dikes in the Netherlands
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and sand which is encountered during dredging. The finest sand (Silverbond) is cho-
sen because of its low permeability, while it behavior is still dominated by (inert)
quartz material. According to the theory of dilatancy reduced erosion the pick-up
flux should be highly reduced by this low permeability.

The main properties of these types of sand are summarized in Table 5.2. These
types of sand were chosen because the grain size distribution (Figure 5.12) was
mainly poorly graded/well sorted: uniformity coefficient (Cu) = 1.45), except for
Silverbond sand. This reduces the segregation of finer and coarser grains during the
sedimentation process while creating a sand bed in the measurement section, during
step 3 of the execution of the experiments (see Section 5.5.1). The Silverbond
sand was very fine and consisted mainly of silt. The grains consisted mainly of
quartz, being an inert material. This avoided the presence of cohesive behavior.
Unfortunately it was not possible to select poorly graded/well sorted material with
this average grain size. The uniformity coefficient of this material was 3.35.
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Figure 5.12: Grain size distribution Silverbond, Geba, Zilverzand and Dorsilit

The permeability of all sand types was measured at different porosities (Fig.
5.13) showing that the permeability increases as the porosity increases. A semi-
empirical, semi-theoretical expression describing the permeability of porous media
is the well known Kozeny-Carman equation. This equation relates the effect of
the porosity, specific grain surface and angularity of the grains to the permeability.
Bear (1972) and Batu (1998) have developed an adapted Kozeny-Carman equation
relating the effect of the specific grain surface to the size of the smallest grains (d10):

k = Ck ·
g

νw
· d2

10 ·
n3
i

(1− ni)2 (5.7)

Figure 5.13 presents the results of the measurements of the permeability as
function of the porosity for all sand types. This figure slso shows the results of the
adapted Kozeny-Carman equation. The value of Ck was determined by empirical
correlation of the data and this equation. This constant was more or less equal for
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Name Grain size Porosity Constant
Kozeny-Carman

d10 d50 d60 Cu nmax nmin Ck
µm µm µm - - - -

Silverbond 17 51 57 3.35 0.536 0.385 0.01280
Geba 92 125 133 1.45 0.506 0.370 0.00387
Zilverzand 168 262 285 1.69 0.470 0.370 0.00465
Dorsilit 380 562 594 1.56 0.475 0.366 0.00449

Table 5.2: Properties sand

Geba, Zilverzand and Dorsilit sand (see Table 5.2), while the value of Ck for the
finest sand (Silverbond) was higher. This could be the result of the angularity of
the grains. According to the scale of Powers (Powers, 1953) the roundness grade
of the three coarsest sand types is sub-rounded (grade between 37 and 49), while
the finest sand is sub-angular (grade between 20 and 30). This is not in accordance
with the value of Ck of the finest sand in comparison with the coarser sand types.
More angular material, being the case for Silverbond sand in comparison with the
other sand types, should show a lower value of Ck in comparison with the value of
Ck for the other sand types. This is not the case: Silverbond sand shows a higher
value of the uniformity coefficient in comparison with the other sand types. This
shows that Equation (5.7) should be used with great care in case of silt. Besides
this Figure 5.13 shows that Equation (5.7) gives a good indication of the effect of
the porosity on the permeability, as long as the right value for ck is known.
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calculated with the adapted Kozeny-Carman equation with corresponding values for Ck
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5.5. Experiments
A step-wise execution of the experiments was necessary in order to calibrate the
results of the measurements with the conductivity probes and to check the measure-
ments with the pressure gauges (Section 5.5.1). In total two series of experiments
were executed (Section 5.5.2).

5.5.1. Execution of experiments
In order to calibrate the conductivity probes and pressure gauges and to create
a compacted or non-compacted sand bed, a specific experimental procedure was
developed. Each erosion experiment consisted of 5 consecutive tests (Bisschop et al.,
2016). During the last test the actual erosion was measured:

1. The whole slurry circuit was filled with clear water: this stage was used to
check all the instruments (especially pressure gauges and conductivity probes)
at a depth-averaged flow velocity of 0 m/s and approximately 4 m/s.

2. Sand was added to the slurry circuit while pumping the sand-water mixture
through the whole slurry circuit at a velocity above the deposition limit of
the type of sand. The density of the sand-water mixture flowing through
the measurement section was measured at 10 different levels by adjusting the
height of the radio-active density meter.

3. The valve to the by-pass was opened, making it possible to (partially) close the
valve upstream of the measurement section (valve 1.2 in Figure 5.2), preventing
sedimentation of sand in the whole slurry circuit. The resulting sedimentation
in the measurement section created a sand bed with a height of approximately
0.15 m. Visual observation, through a glass window in the measurement sec-
tion (approximately 0.5 m long), showed that the created sand bed was more
or less horizontal.

4. After the sand bed was created, the remaining sand in the slurry circuit was
discharged to the slurry tank. The density of the settled sand bed was mea-
sured at 10 different levels with the radio-active density meter.

5. The slurry circuit was filled with a sand-water mixture at the desired density,
with a depth-averaged flow velocity above the critical velocity for deposition.
The erosion experiment was started by tuning the pump at the desired ro-
tation speed, in order to achieve the aimed depth-averaged flow velocity in
the measurement section and opening the valve upstream to the measurement
section (valve 1.1). Water or a sand-water mixture flowed over the sand bed,
starting the erosion process. The erosion velocity was measured with the help
of the conductivity probes. The measured hydraulic pressure gradient was
used to determine the effective bed shear stress during erosion.

Tests 1, 2 and 4 were used to calibrate the conductivity of all probes with the
measured density at the same height. With the help of the results of tests 1, 2
and 4 the measured conductivity was corrected for the influence of the temperature
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and the relation of the potential difference with the density for each conductivity
probe was determined. This calibration procedure was repeated for all experiments
because of the variability of the temperature and conductivity of the used water
during all tests and influence of the type of sand on the conductivity.

5.5.2. Experimental program
The experimental program existed of two series of experiments. The first series
of the experiments was executed in November and December 2010. The results of
this series of experiments were used to improve the test arrangement, optimize the
calibration procedure and execution of the erosion experiments. The second series of
experiments was executed in 2012. The first part of the second series of experiments
was executed in July and August 2012. A mechanical break-down caused a delay
in the execution of the final experiments. After reconstruction, including some final
improvements, the second part of the second series of experiments were executed
in November and December 2012. Each series consisted of a set of a experiments
of which each set was carried on one type of sand (Figure 5.14). One experiment
consisted of 5 tests (see Figure 5.14) of which the last test was the actual erosion
experiment. The other tests were executed in order to calibrate the conductivity
probes and the hydraulic pressure gradient measurements.

First series of experiments
The first series consisted of 17 experiments with Geba and Dorsilit sand. Test 1
through 10 were executed with Geba sand while experiments 11 through 17 were
executed with Dorsilit sand. Nine of the first ten experiments gave reliable results
(experiments 1 through 4 and 6 through 10). However, only the results of the
pressure gradient measurements for experiment 1 through 4 were unreliable. Of
the experiments executed on Dorsilit sand, only experiments 12, 13 and 14 gave
useful results. Table 5.3 gives an overview of the operational conditions during
these experiments, while Appendix A presents the operational conditions off all
separate executed experiments. For the first 6 experiments (experiments 1 through
6) the depth-averaged flow velocity during the sedimentation process was between
0.5 and 1.0 m/s causing a relative high density (0.3 to 1.0) of the sand bed after
sedimentation. Grains settling in a flowing slurry will only settle in the existing sand
bed when the grains find a sheltered place within other grains (van Rhee, 2002).
This effect results in a higher density of the sand bed compared with grains settling
in a stagnant slurry. For experiment 7 through 10 the sand bed was sedimented
at a lower flow velocity (u < 0.5 m/s). The resulting relative density of the sand
bed varied between 0.2 and 0.5. The relative density during experiment 12 through
14, on Dorsilit sand, was between 0.0 and 0.2. It was the intention that all erosion
experiments were executed with water. However, not all sand could be removed
from the circuit with the help of the slurry tank. The experiments were executed
with a density of the eroding slurry of approximately 1050 kg/m3.

Second Series of experiments
The second series consisted of 7 experiments to check the calibration procedure and
all instruments. After these experiments in total 65 experiments (experiments 25
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Figure 5.14: Experimental program consisting of two series, each series consisting of different sets
of experiments. Each experiment consisted of 5 (calibration) tests

through 89) were executed on four types of sand (Zilverzand, Geba, Dorsilit and
Silverbond). The operational conditions of the experiments are depicted in Table
5.4, while Appendix A presents the operational conditions of all separate executed
experiments. The parameters varied during the experiments are: grain size (type of
sand), relative density sand bed, flow velocity and density of the eroding flow. By
varying the grain size and relative density the effect of the permeability of a sand
bed on erosion could be studied. The relative densities during the experiments were
between approximately 0.0 and 0.25 (low relative density), 0.25 and 0.50 (medium)
and larger than 0.50 (high).

During some experiments on Silverbond-sand the relative density of the sand
bed was smaller than 0.0. This meant that during the measurement of the density
of the sand bed the consolidation process, after the sedimentation of the grain, did
not occur fully. Excess pore water pressures will have been present in the sand bed,
due to the low permeability of this type of sand. This effect has been reduced by
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Sand type Grain Relative Depth-averaged Experiment no.
size density flow velocity
d50 Rn U

- µm - m/s -

Geba 125 High/medium 2.0 - 6.0 1/2/3/4/6
Low 3.0 - 6.0 7/8/9/10

Dorsilit 562 Low 3.0 - 4.5 12/13/14

Table 5.3: Operational conditions test program first series of experiments

a longer period between the sedimentation process and the execution of the density
measurements and actual erosion experiment. This enabled a further decrease of
these excess pore water pressures and resulted in a higher relative density.

During the last set of experiments with Silverbond-sand an electromagnetic cur-
rent sensor (EMS) was installed to determine the flow velocity profile during erosion.
The sensor (constructed in a discus mounted at the end of a rod) of the EMS was
mounted at a distance of 78 mm above the bottom of the measurement section.
This sensor generates an electromagnetic field and measures the resulting potential
difference as caused by the flow of water. The sensor measures the flow velocity in
horizontal as well as in vertical direction. During the erosion experiments the top
of the sand bed moves down, resulting in an increase of the distance between the
sensor and the top of the sand. This made it possible to determine the flow velocity
profile during the erosion experiments. This instrument was only used during the
experiments with Silverbond-sand, because of its grain size. This instrument was
considered to be very sensitive for mechanical break-down as a result of suspended
grains in the flow. Due to the relative small size of grains it was expected that the
electromagnetic current sensor was not damaged during the erosion experiments on
this sand type.

In the second series of experiments variation of the relative density of the sand
bed was achieved by variation of the flow velocity during the sedimentation process
of the sand bed and additional hammering. Sedimentation of a stagnant sand-
water mixture delivered a relative low density. A medium density was achieved by
sedimentation with a flowing sand-water mixture. Higher densities were achieved by
additional hammering of the measurement section. The intensity of the hammering
process was checked by a short test program on Zilverzand (Figure 5.15).

5.6. Conclusions
The calibration of the hydraulic pressure gradient measurements show that the
roughness of the walls of the measurement section changed during the erosion ex-
periments. This is caused by wear due to the impact of the sand grains on the walls
of the measurement section. A special calibration program was necessary to check
the operation of the pressure gauges and to calibrate these measurements for the
varying friction factor of the walls of the measurement section.

Using (electrical) conductivity probes needs a specific calibration procedure in
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Sand type Grain Relative Density Depth-averaged Experiment no.
size density inflow flow velocity
d50 Rd ρin U

- µm - kg/m3 m/s -

Zilverzand 262

Low 1075 2.5 - 4.5 25/26/27/28/29
High 1100 2.5 - 6.0 30/31/32/33

Medium
1100 2.5 - 5.0 34/35/36/37
1250 3.0 - 5.0 38/39/40
1450 3.5 - 5.5 41/42

Geba 125

Low 1075 2.0 - 5.0 43/44/45/46
High 1100 2.0 - 5.5 51/52/53/54

Medium
1100 2.0 - 5.0 47/48/49/50
1200 3.0 - 5.0 55/56/57
1350 3.0 - 4.5 58/59/60

Dorsilit 561

Low 1100 1.5 - 5.0 61/62/63
High 1100 4.0 - 5.0 67/68/69

Medium
1100 3.0 - 4.5 64/65/66/82
1225 3.5 - 5.0 70/71/72
1350 4.0 - 5.5 74/75/83/85

Silverbond 51 Low 1050 1.5 - 2.5 76/77/78/82
Medium 1075 1.5 - 5.0 79/80/81/87/88/89

Table 5.4: Operational conditions test program second series of experiments

order to determine the influence of the temperature, type of water and sand on
the relation between the electrical resistivity and density. Special attention was
necessary for the influence of the type of sand on the shape of the relation between
the measured potential difference and density of the sand-water mixture or sand bed.
The sand types, as used during the experiments, showed a varying relation (curved
or linear) between the potential difference and density. This was incorporated in
the calibration procedure of the measurements with the conductivity probes.
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Figure 5.15: Calibration of compaction procedure on Zilverzand: influence of intensity of hammer-
ing a and comparison of compaction





6
Determination of results

experiments

6.1. Introduction
Chapter 5 describes the experimental set-up and specific characteristics of the test
arrangement and instrumentation as well as the hydraulic resistance of the measure-
ment section, behavior of the conductivity probes and used types of sand. Two series
of experiments were executed. The results of the first series of experiments were
used to optimize and improve the experimental and calibration procedure, design of
the measurement section and location of the instruments. The results of these ex-
periments already have been described by Bisschop et al. (2016). The results of the
second series are used to determine the relation of the pick-up flux with operational
parameters as the flow velocity and bed shear stress and bulk properties of the sand
bed like permeability and porosity. For the analysis of these data it is necessary to
derive the pick-up flux and effective bed shear stress from the results of the measure-
ments. This chapter describes the way of determination of these parameters from
the measurements with the conductivity probes and the hydraulic pressure gradient
measurements and the influence of the behavior of the measurement section and
instruments on the measurements of the density of the sand bed, pick-up flux, flow
velocity and bed shear stress.

Specific attention is paid to the influence of the change of the dimension of
the measurement section during the experiments on the measurements with the
conductivity probes. This influenced the determination of the density of the sand
bed and eroding sand-water mixture during the erosion experiments (Section 6.2).

The determination of the pick-up flux during the measurements is described in
Section 8.6.5. The determination of the effective bed shear stress is more compli-
cated. Different procedure(s) are available to determine the bed shear stress from
pressure gradient measurements in a pressurized circuit. These are described in Sec-
tion 6.4. Section 6.5 gives the results of the experimental error analysis for the first
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series of experiments, giving an indication of the accuracy with which the bed shear
stress and pick-up flux are derived. The results of the experiments are summarized
in Section 6.6. Section 6.7 presents the main conclusions regarding the methods to
derive the main parameters as density of the sand bed, pick-up flux and bed shear
stress.

6.2. Density sand bed

The density of the sand bed was measured after sedimentation or, if executed, after
the compaction procedure. These measurements were executed with the radio-active
density meter at 10 different levels in the measurement section and were also used
to calibrate the measurements with the conductivity probes (Section 5.3.2). In the
analysis of the change of the density (just) before the moment of erosion, it should
be considered that the measurements with the conductivity probes were influenced
by the pressure in the slurry circuit. Before the actual erosion experiment the pump
was set at the desired speed in order to execute the erosion experiment at the desired
discharge. The pressure in the slurry circuit expanded the walls of the measurement
section, enabling the formation of a water film between the sand bed and the lexan
plate with the conductivity probes. This resulted in a lower resistivity, as measured
with the conductivity probes, and resulted in a lower fictitious density of the sand
bed.

This effect was enlarged at the moment when the valve to the measurement sec-
tion was opened, enabling the erosion process to start, increasing the pressure in
the measurement section (Figure 6.1). Figure 6.1 shows also that the conductiv-
ity probes, mounted relative high from the bottom, show a larger decrease of the
fictitious density than conductivity probes mounted just above the bottom of the
measurement section. The measurement section will show the largest expansion at
the middle. This means that the water film between the lexan plate and sand bed
is thicker, leading to a larger decrease of the density. Besides the decreasing pres-
sure during the erosion test causes a decrease of the expansion of the measurement
section during the erosion tests, leading to an increase of the measured fictitious
density. This effect can be seen in Figure 6.1. The results of the measurements of
the concentration probe at a level of 14.2 mm above the bottom of the measure-
ment section show that when the pressure in the measurement section decreases,
the fictitious density of the sand bed increases again.

Expansion of the measurement section was decreased by improving the construc-
tion of the reinforcing rib in the middle of the lexan plate for the first part of the
second series of experiments (Experiment 25 through 60). This measure was not
sufficient to reduce this effect significantly. Before the last part of the second se-
ries of the experiments (experiments 61 through 89) two extra reinforcing ribs were
mounted before the lexan plate. This reduced the expansion of the measurement
section and resulting decrease of the fictitious density significantly (Figure 6.2).
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Figure 6.1: Decrease of density, measured with the conductivity probes, (just) before the actual
moment of erosion (Experiment 7)
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Figure 6.2: Decrease of density, measured with the conductivity probes, (just) before the actual
moment of erosion showing the effect of the extra reinforcing ribs (experiment 62)

6.3. Determination pick-up flux
The determination of the pick-up fluxes is based on the data of the measurements
with the conductivity probes. These measurements showed specific exhibits as de-
scribed in Section 6.3.1. Section 6.3.2 describes the determination of the pick-up
fluxes on the basis of the measurement of the conductivity probes during the erosion
experiments.

6.3.1. Density measurements with conductivity probes
Figure 6.3 shows the change of the density at different levels above the bottom of the
measurement section (measured with the conductivity probes) during experiment 7
at different levels in the measurement section. The erosion moment was manually
determined and have been defined as the moment at which the density decreased
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significantly and the density was close to the minimum density of the sand bed.
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Figure 6.3: Change of density at different levels above the bottom of the measurement section
during experiment 7

The observed apparent density drop before the erosion moment was caused by
the dimensions of the electrical flow field around the conductivity probes. This
was investigated by Liefferink (2012) who executed experiments with a specific de-
signed apparatus. During these experiments the potential difference between two
transducers, mounted at the same distance in horizontal direction from each other
(7 mm), was measured at different distances of these transducers above and below
the top of the sand bed. Experiments were executed with two types of sand (Geba
and Zilverzand). Two experiments (’a’ and ’b’) were executed with Zilverzand and
two experiments (’c’ and ’d’) with Geba sand. The vertical level of the transducers
could be adjusted with the help of a wedge shaped sliding tool. Figure 6.4 shows
the results of these experiments in comparison with the measurements of one con-
ductivity probe during the first erosion experiment. The measured density during
the erosion experiment shows a slight decrease of the density before erosion, while
just before the moment of erosion (probe approximately 0.5 mm below the top of
the sand bed) the density drop increases.

The measurements of Liefferink (2012) show that at a level of more than 2
to 3 mm below the top of the sand bed the measurements with the conductivity
probes were unaffected by the presence of water (with a lower electrical resistivity)
above the top of the sand bed. Closer to the sand bed the measurements with
the conductivity probes were affected by the presence of water. If a probe was
situated just below the top of the sand the measured potential difference was still
influenced by the lower electrical resistivity of the water above the top of the sand
bed. The electric current followed the way of the lowest electric resistance and
did not follow the shortest way through the sand bed, as shown by arrow (1) in
Figure 6.5. The electric current experiences the lowest electric resistance, following
a path through the sand bed to the eroding fluid and back in the bed again: arrow
(2), reducing the measured potential difference. This effect causes a lower apparent
density in comparison with the real in-situ density of the sand bed. Based on these
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Figure 6.4: Comparison of change of density during erosion experiment 1 and apparent density as
measured with the conductivity probe at different levels above and below a sand bed

measurements and substantiated by modeling the resistivity of a 2-layered system it
was concluded that the eroding fluid influences the measurements of the conductivity
probes, when the top of the sand bed was approximately 3 mm above the probes
(Liefferink, 2012). This influenced also the determination of the moment of erosion.
This was defined as the moment at which the density, after a first curved decrease,
decreases along a more or less straight line as function of time.
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1.3 Objective engineering exercise 
 
The objective of this engineering exercise is to define the cause of the decrease of the density just 

before the eroding fluid is passing the location of the conductivity sensors. Two hypotheses are 

defined which could be an explanation for the effect as described in paragraph 1.2. The following 

tasks were executed to define the cause of the described behaviour: 

 a mathematical model was developed to calculate the influence of the height of the eroding 

fluid above the sand bed on the measured electric conductivity; 

 an experimental setup was designed to measure the effect of a fluid just above a sand bed 

on the electric conductivity; 

 tests were executed to measure the effective electric conductivity at  different heights above 

the sand bed; 

 analysis of the measurements and define the cause of the decrease of the density of the sand 

bed just before erosion. 

1.4 - Description of content of report 
 

This chapter describes the objective of the report and the researched problem, including the 

hypothesis of this engineering exercise. The model used to simulate the signal of the conductivity 

sensors is described in chapter two.  In chapter three the design of the experimental setup used to 

confirm or reject the hypothesis of this engineering exercise is formulated. Chapter four describes 

the methodology of the experiment and in chapter five the results of the measurements are 

presented. In chapter six the data of the tests are compared with the data obtained during the 

erosion tests executed in 2010. Chapter seven comprises the conclusions and the recommendations. 

 

 

  

Figure 1.6 - Current through sand bed or water 

Figure 6.5: Influence of electrical flow field on measurements with conductivity probes (Liefferink,
2012)

6.3.2. Determination pick-up flux
Section 4.3.1 describes the definition of the pick-up flux along a downward moving
erosion front with an erosion velocity ve. The erosion velocity is derived from the
data of the measurements by the time interval (∆t) between two erosion moments
at two conductivity probes and their corresponding height difference (∆z):

ve = ∆z
∆t (6.1)

During erosion, pick-up and sedimentation occur simultaneously. The pick-up
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flux is determined according to van Rhee (2010), including the effect of the settling
flux (Section 4.3.1):

E = ve · (1− ni − cnb) · ρs + S (6.2)

In this equation the value for the near-bed concentration (cnb) is unknown. van
Rhee and Talmon (2010) use for the near-bed concentration a value of 15%. How-
ever, the level, at which this near-bed concentration is defined, is not specified. The
level at the which the value for the near-bed concentration should be specified is
further investigated in Section 8.3. The sedimentation flux (S) is determined ac-
cording to Equation (4.15) as function of the settling velocity of the grains and the
average concentration of the eroding flow. The settling velocity of a single grain is
corrected for the effect of hindered settling according to Richardson and Zaki (1954):
whs = ws · (1− c)n. The power n in this equation is given as:

n = 4.65 Rep < 0.2
n = 4.35 ·Re−0.03

p 0.2 ≤Rep < 1
n = 4.45 ·Re−0.1

p 1 ≤Rep < 200
n = 2.39 Rep ≥ 200

(6.3)

It should be noted that Equation (6.3) does not represent a continuous function
(Miedema and Ramsdell, 2016). A continuous function is created when the limit for
Rep of 0.2 is changed in 0.1 and the limit of 200 is changed in 400. Still Equation
(6.3) was used, because the resulting difference in the value for the hindered settling
velocity was negligible. The settling velocity of a single grain (ws) is estimated with
(Zanke, 1977):

ws = 10 · νw
d50

·

[√
1 + 0.01 ·∆ · g · d3

50
ν2
w

− 1
]

(6.4)

According to Miedema and Ramsdell (2016) Equation 6.4 is valid for grains with
a size between 10 µm and 10 mm. The influence of the temperature on the kinematic
viscosity (νw) of water is taken into account using the following correction (van Rijn,
1993):

νw =
[
1.14− 0.031 · (Te − 15) + 0.00068 · (Te − 15)2

]
· 10−6 (6.5)

in which Te is the temperature of the water during the erosion experiment in
◦C.

The sedimentation flux depends mainly on the assumed value for the near-bed
concentration. The near-bed concentration is not a well defined parameter because
the level at which the near-bed concentration should be determined is not well
defined. The actual level of the near-bed concentration depends on the concentration
profile above the eroding bed and the dimensions of the turbulent eddies influencing
the sedimentation flux by transporting grains from the eroding flow to the eroding
sand bed. This means that the error in the determination of the actual pick-up
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flux mainly depends on the assumed value of the near-bed concentration. This is
influenced by the turbulent energy and settling velocity of the grains. The influence
of the near-bed concentration on the actual pick-up flux during the experiments has
been studied in Section 8.3.

The density of the eroding flow during the experiments is not equal to the density
of the flow at the entrance of the measurement section. The density of the flow
increases over the length of the measurement section as a result of pick-up. The
pick-up flux is derived from the erosion velocity as based on the measurements
with the conductivity probes. The average density of the eroding flow (ρer−av) at
the location of the conductivity probes during an experiment is determined on the
basis of the average density (ρin) and average discharge (Qav) of the inflow in the
measurement section and the erosion velocity over the length of the sand bed from
the beginning of the sand bed until the location of the conductivity probes (Lc):

ρer−av = ρin ·Qav + ve−av · Lc · (ρsb−av − ρin)
Qav

(6.6)

in which ve−av is the average erosion velocity during an experiment and ρsb−av
is the average density of the sand bed.

6.4. Determination bed shear stress
The effective bed shear stress is derived from the pressure gradient measurements
induced by friction in the measurement section during the erosion experiments.
However, for the derivation of the effective bed shear stress it should be taken into
account that the flow in the measurement section was not uniform (in x-direction)
and stationary (in time) due to:

• acceleration of the flow after opening the valve to the measurement section;

• change of density of the flow in the measurement section due to the erosion
process;

• difference in surface roughness between the eroding bed and the wall of the
measurement section.

The results of experiment 5 through 10 have been used to check all assumptions
and the validity of the different methods regarding the derivation of the effective bed
shear stress. The pressure gradient in the measurement section was measured over
3 different distances (approximately 1, 2 and 3 m). The pressure gradient measured
over a distance of 2.96 meter (experiments 1 through 60) and 3.08 m (experiments
61 through 89) was used in order to determine the effective bed shear stress. The
pressure gradient, measured over this distance, was the most reliable because it
was measured over the longest distance giving the best accuracy. During the first
series of experiments these results were highly comparable to the pressure gradient
measured over a distance of approximately 2 m.
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6.4.1. Pressure gradient due to friction
The pressure gradient measured, is corrected for the mentioned effects to derive
the pressure gradient as a result of friction. The pressure gradient measured in the
direction of the flow during the erosion tests follows from the theoretical pressure
gradient according to the depth-averaged Navier-Stokes equation:

− ∂p

∂x
= τi ·

O

Atot
+ ∂

∂t
(ρ · U) + ∂

∂x

(
ρ · U2) (6.7)

in which τi is the average interface shear stress, O is the perimeter flow area and
Atot is the total flow area. Using Equation (6.7) the total force gradient is:

− ∆p
∆l ·hf ·wm = τi ·2 · (hf + wm) +wm ·

∂

∂t
(ρ · hf · u) +wm ·

∂

∂x

(
ρ · hf · u2) (6.8)

in which ∆l is the length over which the pressure difference (∆p) is measured and
wm is the width of the measurement section. The effective flow height is defined on
the basis of the effective discharge area in the measurement section above the part of
the sand bed, which was not yet eroded. Visual observation of the sand bed during
erosion showed that the bed was more or less horizontal during the experiments (∂hf∂x
= 0) meaning that the depth-averaged flow velocity in x-direction was constant (∂u∂x
= 0). The inflow of water into the sand, as a result of dilatancy reduced pick-up, did
not change the discharge above the eroding bed, because water temporarily invading
the sand bed, did entrain again in the flow when the sand was eroded. The pick-up
flux was more or less constant during the erosion test, meaning ∂ρ

∂t = 0. Due to
the erosion process the density of the eroding flow changed in x-direction ( ∂ρ∂x 6= 0),
while the flow depth changed as function of time (∂hf∂t 6= 0). The pressure gradient
as a result of the flow over the sand bed was also influenced by the acceleration of
the flow during the experiments (∂u∂t 6= 0). Considering influences mentioned, the
total loss of momentum as a result of friction along the walls of the measurement
section and top of the sand bed is:

−τi ·2·(hf + wm) = ∆p
l
·hf ·wm+wm ·ρ·u·

dhf
dt

+wm ·ρ·hf ·
du

dt
+wm ·hf ·u2 · dρ

dx
(6.9)

The average interface shear stress (τi) is defined on the basis of the average
pressure loss (∆p) between two erosion moments. The interface shear stress is a
function of the effective shear stress along the walls of the measurement section
(τw) and top of the eroding sand bed (τb). The influence of the acceleration of the
flow is determined for each time interval within two erosion moments. The influence
of the change in height and density of the flow on the pressure loss is included on
the basis of their averaged values over the whole erosion experiment (∆hf

∆t = c and
∆ρ
∆x = c). Due to a sometimes irregular erosion process the measured increase of the
height of the flow (∆hf

∆t ) and resulting local changes of the density gradient, showed
temporarily large variations during an experiment, while the average increase of



6.4. Determination bed shear stress

6

125

the height of the flow and density over the whole experiment was more or less
constant. Correcting the pressure gradient for the actual increase of the change of
height and density gradient between two erosion moments, results in the derivation
of a highly variable effective pressure gradient during the experiments, which was
not representative for the actual friction losses. A correction based on the average
∆hf
∆t and ∆ρ

∆x over the whole experiment give more realistic values for the effective
pressure gradient as a result of friction.

6.4.2. Bed friction
The pressure gradient solely due to friction, as derived according to the method as
described in Section 6.4.1 incorporates the effect of the friction of the exposed wall
of the measurement section and the friction of the eroding bed. Different methods
exist in order to determine the friction of the eroding bed, as long as the friction or
roughness of the wall of the measurement section are known. Two methods are used
to determine the effective bed friction: the method of Vanoni and Brooks (1957)
and Pugh and Wilson (1999). Both methods consider that the total force loss as a
result of friction is equal to the sum of the force loss along the top of the sand bed
and the walls of the measurement section. The difference between both methods is
the way in which the wall friction coefficient is determined.

Vanoni and Brooks (1957)
The method of Vanoni and Brooks (1957) assumes that the total force loss in a
section with smooth and rough walls equals the sum of the force loss along the
smooth (Fw) and force loss along the rough wall (Fb):

∆Ftot = ∆Fb + ∆Fw (6.10)

This means that:

∆p ·Atot = ∆pb ·Ab + ∆pw ·Aw (6.11)

in which ∆pb is the pressure loss along the sand bed (rough wall), Ab is the bed
associated area, ∆pw is the pressure loss along the wall of the measurement section
(smooth wall) and Aw is the wall associated area. Equation (6.11) can be rewritten
as:

τi ·∆x · 2 · (hf + wm) = τb ·∆x · wm + τw ·∆x · (2 · hf + wm) (6.12)

Assuming the depth-averaged flow velocity in both sections to be equal, Equation
(6.12) can be rewritten as:

fi · (2 · wm + 2 · hf ) = fb · wm + fw · (wm + 2 · hf ) (6.13)

in which fi is the interface friction coefficient as derived on the basis of the
pressure gradient measured during the erosion experiments, fb is the bed friction
coefficient and fw is the wall friction coefficient. Equation (6.13) needs an estimate
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for the Darcy-Weisbach wall friction coefficient. This friction coefficient cannot be
determined directly because the wall associated hydraulic diameter is unknown. In
order to solve Equation (6.13), Vanoni and Brooks (1957) used an empirical relation
between the wall friction coefficient and relative Reynolds number (quotient between
wall associated Reynolds number (Rew) and wall friction coefficient) in order to
determine the wall friction coefficient:

fw = a ·
(
Rew
fw

)b
(6.14)

Tests with water at different flow velocities revealed that this relation was also
valid for the experimental set-up used for the erosion experiments (Figure 6.6).
The coefficients a and b in Equation (6.14) are based on the check of the pressure
gradient measurements before, during and after the experiments. These coefficients
have comparable values for each set of experiments except for experiment 38, 43,
52, 60 and 77 (see Table 6.1). The results of the pressure gradient measurements of
these experiments are validated in Section 7.2.
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Figure 6.6: Wall friction versus relative Reynolds number measurements November and December
2012

However, Equation (6.14) needs an estimate of the wall associated Reynolds
number (Rew), which depends on the wall associated hydraulic diameter (Dhw).
This parameter is unknown and depends on the wall friction coefficient and vice
versa. This can be solved directly by combining:

Rew = Uw ·Dhw

νw
(6.15)

and:

Re = U ·Dh

νw
(6.16)

Assuming Uw = U , this results in:
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Experiment a b
- - -
1 - 17 0.2016 -0.1370
25 - 37 & 39 - 42 0.2650 -0.1715
38 0.3260 -0.1715
43 0.2550 -0.1715
44 - 51 & 53 - 59 0.4152 -0.1821
52 0.3730 -0.1821
60 0.3790 -0.1821
61 - 75 & 82 - 85 0.1982 -0.1458
76, 78 - 81 & 87 - 89 0.1420 -0.1246
77 0.1650 -0.1246

Table 6.1: Coefficients Equation (6.14)

Rew
Re

= Dhw

Dh
(6.17)

in which Dhw is the wall associated hydraulic diameter and Dh is the hydraulic
diameter based on the total cross-section of the flow. Assuming ∆p = ∆pw Equation
(6.12) leads to:

Dhw

Dh
= fw

fi
(6.18)

Combining Equations (6.17) and (6.18) leads to:

Re

fi
= Rew

fw
(6.19)

The interface friction coefficient (fi) and Reynolds number (Re) during the ero-
sion tests are known: the overall friction coefficient can be derived from the (known)
overall pressure loss and Reynolds number. The overall Reynolds number is based
on the (known) hydraulic diameter of the total cross section of the flow. Replacing
Rew and fw in Equation (6.14) by fi and Re gives an explicit solution for fw:

fw = a ·
(
Re

fi

)b
(6.20)

Pugh and Wilson (1999)
The approach of Pugh and Wilson (1999) is based on the same assumption as the
method of Vanoni and Brooks (1957):

∆p ·Atot = ∆pb ·Ab + ∆pw ·Aw (6.21)
In order to solve Equation (6.21) Pugh and Wilson (1999) developed a method

on the idea to divide the flow into two areas: the wall and bed associated area. At
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the intersection between both areas, the shear stress is assumed to be zero (Figure
6.7). In case the walls of both areas have different roughnesses, the position of the
dividing line shifts towards the smoother wall. The pressure gradient as well as the
depth-averaged flow velocity in both areas of the flow is considered to be equal (see
Figure 6.7). An unequal pressure gradient in both areas is physically impossible. In
case of an unequal pressure gradient, the difference in pressure between both areas
should lead to a flow perpendicular to the direction of the flow.

 

Ab 

Aw

Δpw 

Δpb 

Δp 

Figure 6.7: Bed and wall associated area

Including the assumption: ∆p = ∆pb = ∆pw, in which ptot is the total pressure
loss over the length of the measurement section, l, pb is the pressure loss along sand
bed and pw is the pressure loss along the wall of the measurement section, this leads
to:

Atot = Ab +Aw (6.22)

Equation (6.22) needs an estimate for the wall associated hydraulic diameter
to define the wall associated bed area. The wall associated hydraulic diameter is
determined with an iterative procedure on the basis of:

Dhw = fw ·∆x · U2 · ρw
2 ·∆p (6.23)

∆p can be used in Equation (6.23) because Pugh and Wilson (1999) have as-
sumed that ∆p = ∆pw. The first value for fw in the iterative procedure is based on
the overall hydraulic diameter of the total (bed + wall associated) area above the
sand bed, using Equation (3.33). Equation (5.4), however, is an implicit equation,
needing a first guess for the wall friction. This first guess is based on Equation (5.5)
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(Swamee and Jain, 1976) giving an accurate first guess for fw, with a maximum
difference between the both values, as calculated with Equation (5.5) and (5.4), of
0.5 %.

The value for the roughness height of the wall of the measurement section is
determined on the basis of flow tests at different depth-averaged flow velocities
and the calibrations before and after a set of erosion experiments and an one-point
calibration test during the actual erosion experiment. The data of tests result in a
varying wall roughness, according to Equation (5.4), as presented in Table 5.1. These
results show the same trend as concluded on the basis of the results as presented in
Table 6.1. Each set of experiments on the same sand type showed a corresponding
roughness height.

Only the results of experiments 38, 43, 52, 60 and 77 deviated from the corre-
sponding set of experiments (see Table 5.1). This is caused by the presence of air
in the pressure gauges, for which these gauges were very sensitive. Although, these
gauges were checked by deaeration of the pressures gauges for the beginning of each
experiment, still some results proved to be unreliable. The results of the deviating
pressure gradient measurements are validated in Section 7.2.

The wall associated hydraulic diameter is determined with Equation (6.23) ac-
cording to an iterative procedure. The first guess for the wall associated hydraulic
diameter is based on the flow area above the eroding sand bed. The resulting wall
friction coefficient, according to Equations (5.5) and (5.4), is used to get a new value
for wall associated hydraulic diameter with the help of:

Dhw = fw
2 · U

2 · ρw (6.24)

Five or six iterations, according to the procedure as described, converge to a
relative error of less than 0.01% for the wall friction coefficient and wall associated
hydraulic diameter. Based on this wall associated hydraulic diameter the the wall
and bed associated area are determined, while the bed associated hydraulic diameter
is derived (Dhb), using:

Dhb = 4 ·Ab
Ob

(6.25)

in which Ob is the wetted bed perimeter related to surface of sand bed, in this
case equal to the width w of the sand bed in the measurement section. With a
known bed associated hydraulic diameter and the bed friction coefficient is derived:

Dhb = fb
2 · U

2 · ρw ·∆x (6.26)

6.4.3. Validation bed shear stress
The methods of Vanoni and Brooks (1957) and Pugh and Wilson (1999) give compa-
rable results for the bed shear stress (Figure 6.8). The maximum difference between
both methods for the results of the first test series is 8%, while on overall the dif-
ference during the first series is less than 3%. This difference is much less than
the influence of the experimental errors (Section 6.5). The method of Pugh and
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Wilson (1999) is used in the further analysis of the data, because this method is
more widely used than the method of Vanoni and Brooks (1957), like for instance by
Matousek (2007). Secondly this method is based on a bed associated area (Figure
6.7), assuming no friction between this area and the wall associated area. This is
comparable with breaching and jetting (Figure 6.9). The flow through a breach is
comparable to open channel flow, with no friction at the surface, while the flow as
a result of a translating water jet is comparable with the situation assuming a bed
and wall associated area.
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Figure 6.8: Comparison of calculated bed shear stress according to Vanoni and Brooks (1957) and
Pugh and Wilson (1999)

The results of the method of Pugh and Wilson (1999) are used to validate the
calculated bed shear stress with implicit relations relating the Shields parameter
and the bed roughness ks, because this approach is comparable to the way in which
the bed shear stress is calculated during breaching of a sand dike and jetting of
sand with a translating jet in horizontal direction (Figure 6.9). During breaching
and water jetting part of the circumference of the flow is influenced by friction of
the sand bed or sand core of the breach in the dike. The upper part of the flow
is considered to be free of friction. This is comparable to the basic assumption in
the determination of the bed shear stress, which is related to a bed associated area.
The top of this area is also considered as free of friction.

The term apparent bed roughness is used because for θb > 1 it is assumed
that the calculated bed roughness does not represent the actual roughness of the
bed. Many researchers consider that the bed roughness or bed friction at these
conditions is a measure for the thickness of the disturbed bed or sheet flow layer
assuming a logarithmic velocity profile. However, it should be considered that these
apparent parameters are a measure for the energy dissipation close to the eroding
bed, due to grain-grain and grain-fluid interaction (Dohmen-Janssen, 1999). Besides
the velocity profile in the sheet flow layer (high density slurry) close the stationary
bed is linear instead of logarithmic (Pugh and Wilson, 1999), see also Section 3.4.4.
The apparent bed roughness (kb) has been derived from the apparent bed friction
(fb) on the basis of the expression of Nikuradse for a hydraulic rough boundary
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Figure 6.9: Bed friction during water jetting and breaching

(Schlichting and Gersten, 1999):√
8
fb

= 2.46 · ln
(

3.7 ·Dhb

ks

)
(6.27)

According to Pugh and Wilson (1999) the relative apparent bed roughness
(ks/d50) is related to the Shields parameter (see Figure 6.10) according to:

ks
d50

= C · θb (6.28)

The constant C in Equation (6.28) is estimated to be 5, within the range of this
constant in numerous existing comparable relations as summarized by Dohmen-
Janssen (1999): ks/d50 = C · θαb in which C = constant ranging between 3 and
430 and α ≈ 1. The results of experiment 6 through 10 show the same relation
between the relative apparent bed roughness and Shields parameter as the results
of pressurized-conduit experiments in a rectangular section of Nnadi and Wilson
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Figure 6.10: Relative apparent bed roughness (ks/d50) as function of the Shields parameter (θb)
based on the present experiments and data from Nnadi and Wilson (1992), which are also based
on pressurized-conduit experiments in a rectangular section

(1992). Besides they coincide also well with the most well-known expression of
Wilson (1989) in which the constant C is estimated to be equal to 5, see Equation
(6.28). It should be noted that Equation (6.28) has its limitations, because it is
a implicit equation. According to Equation (6.28) the apparent bed roughness is
independent of the grain size. As long as considering a linear relation between the
apparent bed roughness and Shields parameters, the apparent bed roughness can be
considered to depend on the bed friction coefficient and depth-averaged flow velocity
and to be independent of the grain size.

The calculated apparent bed roughnesses during the first series of experiments
are between 0.025 and 0.6 m. Some values are larger than the dimensions of the
measurement section. This means that the apparent bed roughness, as calculated
according to Equation (6.27), has no physical meaning in case of a flow over an
eroding or moving sand bed. It is impossible that the apparent bed roughness is a
measure for the thickness of the disturbed bed or sheet flow layer above the non-
disturbed bed, substantiating the explanation of Dohmen-Janssen (1999), that the
friction along an eroding or sedimenting bed is determined by the interaction of
grains with each other and the surrounding fluid. However, it should be noted that
the effect of inertia, as result of the acceleration of eroded grains, should be taken
also into account.

6.4.4. Other parameters
The depth-averaged flow velocity is derived on the basis of the average discharge
through the measurement section between these erosion moments and the area of
the cross section above the sand bed. All other parameters are also determined on
the basis of their average value between these moments.
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6.5. Experimental errors
Figure 6.11 and 6.12 show the relation between the pick-up flux (Bisschop et al.,
2016) and the bed shear stress and depth-averaged flow velocity including the ex-
perimental errors for the first test series. The relative error of the bed shear stress
is between 0.05 and 0.8. However, because the bed shear stress during the exper-
iments of the second series is mainly above 100 Pa, Figure 6.11b shows that the
maximum relative error for most experiments is between 0.05 and 0.5. The main
contributor to this error is the error made in the derivation of the hydraulic pressure
gradient due to friction in the measurement section. This error is mainly influenced
by the uncertainty in the rate of the change of the flow height (∆h/∆t) between
two erosion moments and the uncertainty in the determination of the density of the
eroding flow.
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Figure 6.11: Pick-up flux as function of the bed shear stress (Bisschop et al., 2016) (a) and relative
error (∆τb/τb) as function of the bed shear stress (b)

The experimental error of the pick-up flux is less substantial. For a pick-up flux
of more than 5 kg/m2·s the relative experimental error (∆E/E) is between 0.2 and
0.4. Lower pick-up fluxes show an relative error increasing up to 0.7. This error is
mainly caused by the fact that the erosion process is characterized by consecutive
erosion and sedimentation fluxes (Section 8.2). This results in a relative irregular
change of the level of the top of the eroding sand bed and fluctuating pick-up flux.
Besides, this error is influenced by the fact that during the erosion process the
top of the eroding sand bed was not fully horizontal and the conductivity probes
were mounted in a sloping matrix. Probes, located at different vertical levels, had
different horizontal coordinates. The horizontal distance between two consecutive
conductivity probes in vertical direction was between 0.1 and 0.4 meter. In case
the top of the eroding sand bed was not horizontal during the experiment, this
has influenced the determination of the actual erosion velocity and pick-up flux.
Another contributor to the error is the uncertainty of the value of the near-bed
concentration (Section 8.3). Figure shows also that the relative experimental error
of the depth-averaged flow velocity is negligible (0.01 to 0.02).
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Figure 6.12: Pick-up flux as function of the depth-averaged flow velocity above the sand bed and
porosity (Bisschop et al., 2016)

6.6. Results
The obtained results of all experiments are summarized in Appendix B, C and D.
These appendices show the results of all experiments of which a reliable determi-
nation of the pick-up flux and bed shear stress is possible. During each experiment
more erosion data were obtained than presented, because some of these data have
been removed from the results in case of:

Density [kg/m3]

Figure 6.13: Retarding of erosion velocity during experiment 25

1. strongly increasing or decreasing erosion velocity. During some experiments
the erosion velocity increased or decreased strongly at the end of the erosion
experiment (data derived from the lowest mounted conductivity probes). The
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increase of the erosion velocity is the result of shearing of the remaining sand
bed over the bottom of the measurement section. However, other experiments
(see Figure 6.13) exhibited a decreasing erosion velocity at the end of the
experiment.

2. the pick-up flux is derived on the basis of the erosion velocity and is defined
as the quotient of the height interval (mainly 10 mm) between two connected
conductivity probes and the time interval between the erosion moments at
which the erosion front passed both probes. These conductivity probes were
mounted in a sloping matrix: the probes did not have the same horizontal co-
ordinate in the lexan plate (see Figure 5.3). In order to avoid mutual influence
of the electric current between the conductivity probes, these were mounted
at a minimum distance of 50 mm from each other. The horizontal distance
between the connected conductivity probes was 100 mm (not all mounted con-
ductivity probes were connected to the signal amplifier). However, the second
row of the sloping matrix of conductivity probes started 400 mm upstream
of the row above. In case of a not completely horizontal erosion front this
influenced the determination of the actual erosion velocity. Only data were
used of two conductivity probes mounted at a maximum horizontal distance
of each other of 100 mm and vertical distance of 10 mm;

3. accelerating depth-averaged flow velocity during the experiments. Only data
were used, based on an erosion interval during which the depth-averaged flow
velocity did not differ more than 10 to 15% from the minimum and max-
imum flow velocity in this interval. At higher accelerating depth-averaged
flow velocities between two erosion moments the correction for the influence
of the accelerating depth-averaged flow velocity led to the determination of
unrealistic and unreliable bed shear stresses;

4. highly temporarily accelerating or retarding depth-averaged flow velocity in
the time interval between two erosion moments. No reliable or realistic bed
shear stress could be derived in this case;

5. maximum range of the pressure gauges was reached;

6. difference of the measurements with the pressure gauges. As long as the
pressure gradient measurement over a distance of approximately 3 m differs not
more than approximately 25% from the measurement of the pressure gradient
over approximately 2 m, the data are used for the determination of the bed
shear stress;

7. the derived bed shear stress is negative. This was mainly the case at the end
of the experiment, when almost all sand was eroded from the measurement
section.

These criteria were used to determine three datasets:

1. pick-up flux versus depth-averaged flow velocity;
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2. bed shear stress versus depth-averaged flow velocity;

3. pick-up flux versus bed shear stress.

The data of these datasets are presented in appendix B, C and D.

6.7. Conclusions
The measurements with the electrical conductivity probes were influenced by the
dimensions of the electrical flow field between the transducers of these probes. Anal-
ysis of the results of these measurements during the experiments, showed an appar-
ent density drop of the density of the sand bed before the sand bed was actually
eroded by the flow. This was influenced by the fact that the conductivity probes
consisted of two transducers mounted in horizontal direction at a distance of 7 mm
from each other. Based on some specific executed experiments it was concluded that
when the top of the sand bed was less than 3 mm above the conductivity probes
the measurements were influenced by the presence of water above the sand bed. In
this situation the electrical resistivity between the transducers was influenced by
the lower electrical resistivity of the water present above the top of the sand bed.
The electric current followed the way of the lowest electric resistance, following a
path through the sand bed to the eroding fluid and back in the bed again, reducing
the electrical resistivity (Figure 6.5). This effect explains the apparent drop of the
density before the erosion front actual reached the exact level of the conductivity
probes. This means that only measured changes of the electrical conductivity, at
a level of more than approximately 3 mm, represent a real physical change of the
density of the sand bed.

The main uncertainty in the determination of the pick-up flux is the value for the
near-bed concentration in order to determine the effective sedimentation flux during
the erosion experiments. The level above the erosion front (height above the non-
eroded sand bed), over which the near-bed concentration should be determined, is
not well defined. This level varies and depends on the pick-up flux, turbulent energy
of the flow, dimensions of the turbulent eddies and fall velocity of the grains. The
near-bed concentration which is representative for the sedimentation flux is based
on the analysis of the erosion process. This is described in Section 8.3.

The data of the pressure gradient measurements are corrected for pressure losses
as a result of acceleration of the flow, increase of the flow height and increase of
the density of the eroding flow as a result of erosion. This results in a total pres-
sure gradient depending on the friction along the bed and wall of the measurement
section. This needs a method to distinguish the effect of friction due to the wall
of the measurement section and the effective friction along the eroding sand bed in
order to derive the shear stress along the top of the sand bed. Different methods are
available to distinguish the wall and bed shear stresses on the basis of the overall
pressure gradient in the measurement section. Two different methods, as described
by Vanoni and Brooks (1957) and Pugh and Wilson (1999), show highly comparable
results for the determination of the bed shear stress including correction for the wall
friction of the measurement section. The method of Pugh and Wilson (1999) is used
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in the further analysis because the basic assumption of this method is comparable
to the flow conditions during breaching and a translating water jet and this method
is more widely used as for example by Matousek (2007).

The validity of these methods has been checked by comparison of the calculated
effective bed roughness with existing experimental data of Nnadi and Wilson (1992)
and comparison of these data with an existing empirical relation of Pugh and Wil-
son (1999). The difference between the bed shear stress as derived by both methods
is negligible, especially in comparison with the experimental error made in the de-
termination of the bed shear stress. The calculated effective bed roughness agrees
well with the implicit empirical Equation (6.28), with C = 5, and shows the same
trend as the experimental data of Nnadi and Wilson (1992). This substantiates the
validity of the pressure gradient measurements, used correction of the influence of
the non-uniform flow conditions and effect of the friction of the wall of the mea-
surement section for the determination of the effective bed shear stress during the
erosion experiments.

Pick-up fluxes of more than 5 kg/m2 show a relative experimental error between
20 and 40%. However, lower pick-up fluxes show a considerable error of up to 70%.
The main contributors to this error are the uncertainty of the value for the near-bed
concentration, inclination of the sand bed during the erosion experiments and the
fact that the conductivity probes were mounted in a sloping matrix. The relative
experimental error of the bed shear stress for most of the experiments is between 5
and 50%. The main contributor is the error made in the derivation of the pressure
gradient due to friction in the measurement section. The total relative experimental
error in the determination of the depth-averaged flow velocity is negligible (1 to 2%).

The visual observations demonstrate the presence of excess pore water pressures
and the description of the erosion process assumes the presence of pore water under
pressures during erosion. However, during the erosion experiments the pressure
gauges did not show significant changes of the pore water pressures during the
erosion process. Improvement of the experimental set-up is necessary to measure
the pore water pressures during erosion.





7
Analysis bed shear stress

7.1. Introduction
For the determination of the bed shear stress and/or energy loss along the eroding
sand bed, the measured hydraulic resistance needed correction for the acceleration
of the flow during the erosion experiments, the change of density of the flow and the
difference between the energy loss along the wall of the measurement section and the
eroding sand bed. The effective bed roughness, as derived from these measurements,
agreed well with existing implicit equations, relating the bed roughness to the bed
shear stress, despite the relative error in the determination of the bed shear stress
(5 to 50%). In order to gather more knowledge regarding the energy loss along an
eroding sand bed, the effect of several parameters on the bed shear stress and bed
friction coefficient were studied.

The effective bed shear stress during the dilatancy reduced erosion process is
determined by the energy dissipation between the eroding flow and sand bed. All
present pick-up functions consider the shear forces along the bed as the driving
mechanism for the pick-up of grains and are widely used as input parameter for the
calculation of the pick-up flux in case of dilatancy reduced erosion (Section 4.5).
However, it should be noted that the pick-up flux influences also the effective bed
shear stress and bed friction, meaning that the pick-up and bed shear stress influence
each other. Section 7.2 gives a short validation of the data of the bed shear stress
of all experiments by comparing the data with existing relations between the bed
roughness and Shields parameter.

In case of a turbulent flow the relation between the roughness of the wall and
wall shear stress is based on a logarithmic velocity profile. However, sheet flow
experiments of Pugh and Wilson (1999) have revealed a linear velocity profile in the
sheet flow layer. In order to check this assumption, in case of erosion, the velocity
profile was measured with a 2-axis electromagnetic flow velocity meter. The results
of these experiments are described in Section 7.3.

The followed approach for the validation of the effective bed shear stress and
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bed friction as derived from the hydraulic pressure gradient measurements, gives
unrealistic values for the apparent bed roughness, making it necessary to develop an
alternative approach in order to determine the friction loss along an eroding sand
bed. This approach is described in Section 7.4. This Section gives a description
of the relation of the effective bed shear stress and Darcy-Weisbach bed friction
coefficient with several operational parameters. The bed shear stress and the bed
friction coefficient depend mainly on the product of the flow velocity and density
of the eroding flow. Other operational parameters have less influence. Section 7.5
describes two empirical models in order to determine the bed friction relating the
flow velocity to the bed shear stress. These models can also be used in case of
breaching and water jetting. The results of the analysis of the measurements are
discussed in Section 7.6.

7.2. Validation measurements
Numerous investigations, see Dohmen-Janssen (1999), have related the apparent rel-
ative bed roughness (ks/d50) during sheet flow conditions to the Shields parameter:
Equation (3.35). However, it should be noted this is an implicit relation. Con-
sidering a linear relation between the relative apparent bed roughness and Shields
parameter, the bed roughness is independent of the grain size but is directly related
to the bed shear stress and as a result to the depth-averaged flow velocity. Besides
the apparent bed roughness has no physical meaning. The bed friction along an
highly eroding sand bed is determined by the energy dissipation due to grain-grain
and grain-fluid interaction (Dohmen-Janssen, 1999).

The comparison of the experimental data with Equation (3.35) gives only an
indication of the accuracy of the experimental results and necessary corrections.
These corrections are necessary because of the non-uniform flow conditions during
the erosion tests (Section 6.4), in order to derive the bed shear stress on the basis
of the pressure loss measurements in the measurement section.
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Figure 7.1: Derived apparent relative bed roughness (ks/d50) as function of the measured Shields
parameter as derived from all experiments on four sand types (d50: 0.051 mm, 0.125 mm, 0.262 mm
and 0.562 mm) at a density of the eroding flow of 1070 - 1190 kg/m3 (a), 1210 - 1310 kg/m3 (b)
and 1360 - 1470 kg/m3 (c). The results of the experiments with deviating results of the calibration
procedure (experiments 38, 43, 52, 60 and 77) are shown separately. These results are compared,
together with the results of all other experiments, with Equation (3.35) with C = 5

Figure 7.1 shows that the data of the experiments follow the existing relation
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between the relative bed roughness and Shields parameter according to Equation
(3.35) with C = 5 (Wilson, 1989). This gives confidence on the way of determining
the bed shear stress on the basis of the measured pressure gradient. The effect of the
density of the eroding flow is negligible, which can also be derived from Figure 7.2.
Above a Shields parameter of 50 the results of all experiments show a corresponding
relation between the relative bed roughness and the Shields parameter. Besides, at a
Shields parameter of less than 50, Equation (3.35) overestimates the bed roughness
for C = 5.

The data show also that the apparent bed roughness (ks) can not have a physical
meaning at a high Shields parameter. In case of a Shields parameter of 200 the
apparent relative bed roughness is between 500 and 2000, leading to an apparent bed
roughness ranging between 25 mm and 0.5 meter. This last value is far beyond the
height of the measurement section (0.288 meter). This endorses that the apparent
bed roughness cannot be a measure for the thickness of the sheet flow layer or shear
layer (Section 3.5).
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Figure 7.2: Relative bed roughness as function of the Shields parameter as derived from all exper-
iments

Section 6.4.2 describes the results of the calibration tests of the pressure gauges.
During some experiments (experiments 38, 43, 52, 60 and 77) the results of the
calibration procedure of the differential pressure gauges in the measurement section
deviated from the other experiments. The pressure measurements during these
experiments have been corrected for this specific deviation. Figure 7.1 shows that
the results of these experiments do not deviate significantly from the results of the
other experiments.

The data have been further validated on the basis of the relation between the
wall and bed friction coefficient, as determined according to section 6.4.2. Figure
7.3 shows that the results of experiments 38, 43, 52, 60 and 77 deviate significantly
from the results of the other experiments, due to the difference in the results of
the calibration of pressure gauges (see Section 6.4.2). On the basis of the relation
between the bed friction coefficient and the wall friction coefficient the results of the
deviating experiments have been excluded from the analysis of the bed friction and
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bed shear stress.
This means that Equation (3.35) should be used with great care because it is

an implicit equation and this equation has more than one solution (see Section
3.4.4). This introduces the effect that deviating experimental results, due to for
instance measurement errors, still fulfill Equation (3.35). The implicit character of
this relation causes that deviating results in for instance the Shields parameter are
corrected by the same deviation in the related relative bed roughness.
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Figure 7.3: Bed friction as function of the wall friction as derived from the results of the experi-
ments: validation of the results of experiments 38, 43, 52, 60 and 77

7.3. Results velocity profile measurements
The velocity profile was measured with a 2-axis electromagnetic flow velocity meter
(EMS) mounted at a distance of 78 mm above the bottom of the measurement
section. Due to the sensitivity of this instrument for the impact of grains and
maximum range of the flow velocity of the EMS (< 3 m/s) only measurements
were executed during the experiments with Silverbond sand. According to Pugh
and Wilson (1999) (Section 3.5.4) the velocity profile during sheet flow is constant
above a water depth of 0.25 · hs (hs = thickness shear layer). At the beginning
of the erosion experiment the flow velocity meter was located in the sand bed,
because during sedimentation a sand bed was created of which the top was above
the location of the flow velocity meter. Due to erosion the top of the sand bed moved
downwards until the top of the sand bed reached the level of the flow velocity meter.
From this moment the flow velocity meter could measure the flow velocity at an
increasing height above the top of the sand bed. The vertical distance between the
electromagnetic flow velocity meter and the non-eroded sand bed was determined
on the basis of the average erosion velocity of the sand bed below a depth of 78
mm in the measurement section. The results of these measurements are presented
in Figure 7.4.

Instead of a linear profile, as measured by Pugh and Wilson (1999), the results of
these measurements seem to correspond more with a traditional logarithmic profile.
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Figure 7.4: Measured velocity profile above the eroding sand bed during the experiments on
Silverbond sand at different depth-averaged flow velocities compared to the traditional logarithmic
velocity profile

This can be explained by the fact that the pick-up flux during these experiments
was relative low, causing a relative steep concentration gradient directly above the
eroding sand bed (Figure 7.5). The concentration of grains was relative low, re-
sulting in a limited influence of the grains on the velocity profile. Comparison of
these data with the logarithmic profile needs a value for the bed roughness (ks) in
Equation (3.6). This was determined on the basis of a specific empirical relation
between the apparent bed roughness and Shields parameter for Silverbond sand,
deviating slightly from the overall relation ks

d50
= 5 · θb as derived by Wilson (1989):

ks
d50

= 5.804 · θb (7.1)

With θb = τb
(ρs−ρw)·g·d50

Equation (7.1) can be rewritten as:

ks = 5.804 · τb
(ρs − ρw) · g (7.2)

Equation (7.2) needs an estimate for the bed shear stress during these experi-
ments. This was determined on the basis of an empirical relation between the bed
shear stress and the Darcy-Weisbach friction coefficient: Using:

τb = fb
8 · ρw · U

2 (7.3)

On the basis of the results of the experiments on Silverbond sand (7.6a) an
empirical value for the Darcy-Weisbach friction factor (fb = 0.079) was determined.
The theoretically velocity profile was calculated using Equation (3.6) in which ks was
determined using Equation (7.2) and Equation (7.3). This gives a good comparison
of the theoretical and measured velocity profile, emphasizing that the effective bed
roughness or energy loss along the eroding bed increases strongly due to the effect
of grain-grain and grain-fluid interactions in comparison with a non eroding sand
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Figure 7.5: Average concentration profile at different depth-averaged flow velocities

bed at which the energy loss is determined by the roughness of the grains. This
can be substantiated by determining the apparent bed roughness, using Equation
(7.2). Between a depth-averaged flow velocity of 1.3 and 2.5 m/s the apparent bed
roughness varies between 0.009 and 0.023 m. As described in Section 3.4.2 the bed
roughness of a non or almost non-eroding bed is approximately 3 · d90. The d90
of the used Silverbond sand is 0.000087 m. This means that the bed roughness is
approximately 0.00026 m. This is a factor 35 to 90 smaller in comparison with the
apparent roughness during erosion. This supports the assumption that the apparent
bed roughness at these flow velocities does not represent the actual roughness. The
apparent bed roughness or bed friction is a measure for the energy loss as a result
of grain-grain and grain-fluid interaction.

7.4. Bed shear stress and bed friction
The bed shear stress and bed friction are determined by the density of the eroding
flow and the depth-averaged flow velocity and are influenced by the effect of the
erosion process. Section 7.4.1 gives an analysis of the influence of the density of the
eroding flow and the depth-averaged flow velocity on the bed shear stress and bed
friction. The concentration gradient just above the eroding bed, which is influenced
and/or determined by the pick-up and sedimentation flux, influences the bed friction
(Section 7.4.2), where the bed associated area is also related to the bed friction
(Section 7.4.3).

7.4.1. Influence of density eroding flow and flow velocity
Operational parameters influencing the bed shear stress are the density of the flow
and the depth-averaged flow velocity. The bed shear stress is related to the product
of the density of the flow and the squared value of the depth-averaged flow velocity:
the dynamic pressure (Figures 7.6a, 7.6d, 7.6g and 7.6j). However, these figures
show also a striking difference between the experiments with Geba sand, Zilverzand
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and Dorsilit sand. Geba sand (d50 = 125 µm) shows an influence of the density
of the eroding flow on the relation between the bed shear stress and the squared
value of the depth-averaged flow velocity. The effective bed friction increases as the
density of the eroding flow increases. The experiments on coarser sand (Zilverzand
and Dorsilit) do not exhibit any influence of the density of the eroding flow on the
relation between the bed shear stress and squared value of the depth-averaged flow
velocity. All four sand types show more or less the same (implicit) relation between
the bed friction and bed shear stress. This is in accordance with the assumption that
the fictitious bed roughness under these flow conditions, to be determined according
to Equation (3.35), is independent of the grain size.

Figure 7.7 shows a clear relation between the bed shear stress and the product
of the density of the eroding flow and the squared value of the depth-averaged flow
velocity, especially for the experiments at which the density of the eroding flow is
approximately 1100 kg/m3. The three sand types with the largest grain diameter
show a more or less coinciding relation of the bed shear stress with the squared value
of the depth-averaged flow velocity, while the experiments with the finest sand type
(Silverbond: d50 = 51 µm) show a lower stress at corresponding density and depth-
averaged flow velocity. At a higher density of the eroding flow the relation between
the bed shear stress and the squared value of the depth-averaged flow velocity is less
clear and some sand types show a deviating behavior of the overall view: Zilverzand
d50 = 262 µm at a density of the eroding flow of approximately 1300 kg/m3 and
Dorsilit at a density of the eroding flow of approximately 1450 kg/m3.

7.4.2. Influence of concentration gradient
Another parameter considered to influence the effective bed friction is the near bed
concentration gradient, because the effective bed friction is influenced by grain-grain
and grain-fluid interaction. Figure 7.8 shows for all sand types the influence of the
instantaneous concentration gradient above the eroding sand bed over a distance of
0.01 m and 0.02 m above the eroding sand bed on the effective bed friction. The
concentration gradient is defined as the difference between the concentration of the
sand bed and concentration of the eroding fluid, as measured by the concentration
probes, divided by the distance of the probes situated 0.01 and 0.02 m above the
eroded sand bed. A high concentration gradient means that the concentration of
the eroding flow just above the eroding sand bed is relative low in comparison with
a low erosion gradient.

It should be noted that the instantaneous concentration gradient is influenced
by the highly irregular character of the erosion process as a result of the irregular
presence of turbulent vortices, causing a variable concentration gradient above the
eroding sand bed. Figure 7.8 shows that there is a certain envelope determining the
bed friction as function of the concentration gradient. The bed friction is relative low
at a high concentration gradient, because of the relative low concentration of grains
just above the eroding bed, while the bed friction at a low concentration gradient
is higher due to the effect of a higher concentration of grains. The existence of an
envelope can be explained by the fact that there is a minimum concentration just
above the eroding bed at certain flow conditions, while the maximum concentration
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Figure 7.6: Bed shear stress and bed friction as derived from the measured pressure gradient versus
the product of the density of the eroding flow and the squared value of the depth-averaged flow
velocity (U2) and bed friction versus shear stress for all sand types



7.4. Bed shear stress and bed friction

7

147

0

300

600

900

1,200

1,500

0 10000 20000 30000 40000 50000

B
e

d
 S

h
e

ar
 S

tr
e

ss
 [

P
a]

 

m·u2 [kg/(m∙s2)] 

0.051 mm
0.125 mm
0.262 mm
0.562 mm

(a)

0

300

600

900

1,200

1,500

0 10000 20000 30000 40000 50000

B
e

d
 S

h
e

ar
 S

tr
e

ss
 [

P
a]

 

m·u2 [kg/(m·s2)] 

0.125 mm
0.262 mm
0.562 mm

(b)

0

300

600

900

1,200

1,500

0 10000 20000 30000 40000 50000

B
e

d
 S

h
e

ar
 S

tr
e

ss
 [

P
a]

 

m∙u
2 [kg/(m/s2)] 

0.125 mm
0.262 mm
0.562 mm

(c)

Figure 7.7: Bed shear stress as derived form the measured pressure gradient as function of the
squared value of the depth-averaged flow velocity at a density of the eroding flow of 1060 - 1190
kg/m3 (a), 1210 - 1310 kg/m3 (b) and 1360 - 1470 kg/m3 (c) for all sand types

(matching with a low concentration gradient) at these flow conditions is influenced
by the highly variable character of the erosion process resulting in large temporary
variations of the concentration above the sand bed.

7.4.3. Relation with bed associated area and hydraulic di-
ameter

Pugh and Wilson (1999) have assumed that the pressure gradient in the bed and
wall associated area (Figure 6.7) is equal. The relative energy loss along the rough
(sand bed) and relative smooth, but still rough, walls of the measurement section
determines the extent of the bed associated area in relation to the wall associated
area. These areas are a measure for the extent of the area influenced by the effective
friction along the sand bed and walls of the measurement section. The wall associ-
ated area has been derived on the basis of the wall associated diameter which has
been derived on the basis of the pressure gradient measurements and wall friction
coefficient determined according to Equation (3.33). The results of this analysis
show that an increasing bed friction leads to an increasing bed associated hydraulic
diameter and area (Figure 7.9). The assumption of Pugh and Wilson (1999) means
that an increase of the bed friction in relation to the wall friction leads to a larger
bed associated area. In other words: a larger bed friction influences a larger part of
the total cross section of the flow.

Figure 7.10 shows that the bed friction leads and the wall friction are related
to each other. An increase of the bed friction leads to an increase of the wall
friction because an increasing bed friction leads to an increase of the (relative)
bed associated area. As a result the wall associated area and corresponding wall
associated hydraulic diameter decrease. Using Equation (3.33) a decreasing wall
associated hydraulic diameter leads to an increase of the wall friction.

The grain size seems to influence the relation between the bed and wall friction
(Figure 7.10a). However, this difference is caused by the difference in roughness
of the wall of the measurement section during the experiments. The data of the
calibration tests for the experiments on sand with a grain size of 51 and 125 µm have
shown a corresponding roughness (70 to 75 µm) of the walls of the measurements
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Figure 7.8: Bed friction coefficient as derived from the measured pressure gradient as function of
the instantaneous concentration gradient during an experiment over a distance of 0.01 m above
the level of the eroding sand bed for all sand types: (a) all experiments & (b) density eroding flow
< 1190 kg/m3) and over a distance of 0.02 m above the level of the eroding sand bed for all sand
types: (c) all experiments & (d) density eroding flow < 1190 kg/m3). Note: negative values for
the concentration gradient are not shown and the maximum concentration gradient at the x-axes
in both figures is not equal

section, leading to a corresponding relation between bed and wall friction. The
roughness of the walls of the measurement section during the experiments with the
coarser sand types (262 µm and 562 µm) were lower: 1 µm for 262 µm sand and 39
µm for 562 µm sand. The smaller effective roughness of the wall and corresponding
lower wall friction coefficient (fw), led to a higher bed friction coefficient. In order to
reduce the effect of the wall friction on the bed friction, the bed friction is corrected
for the wall friction of the measurement section in case no sand bed was present
(fw,i): fb − fw,i. This relative bed friction is compared to the relative wall friction,
defined as:

fw − fw,i
fw,i

(7.4)
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Figure 7.9: Bed friction as derived from the measured pressure gradient for all sand types as
function of the bed associated hydraulic diameter (a) and relative bed associated area: Ab/Atot

(b)

in which fw is defined as the wall friction during the erosion experiment. Figure
7.10b shows the relation between the relative bed friction and relative wall friction,
excluding the influence of the wall friction during the experiments on the bed friction.
As a result of an increasing bed friction coefficient, the part of the area influenced by
the energy-loss along the top of the sand bed increases. The result of this correction
shows also that the effect of the grain size on the bed friction can be neglected,
being the case at sheet flow conditions.
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Figure 7.10: Bed friction as derived from the measured pressure gradient versus wall friction (a)
and relative bed friction versus relative wall friction: Ab/Atot (b)

Figure 7.11 presents the relation between the bed associated area and the flow
velocity. These results show that the relative bed associated area is more or less
constant at depth-averaged flow velocities of more than 2.5 m/s. This is more or
less in accordance with data of van Rhee and Talmon (2010). However, it should be
noted that the maximum flow velocity during these experiments was 2 m/s.



7

150 7. Analysis bed shear stress

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6

R
e

la
ti

ve
 b

e
d

 a
ss

o
ci

at
e

d
 a

re
a 

[-
] 

Depth-averaged flow velocity [m/s] 

0.051 mm
0.125 mm
0.262 mm
0.562 mm

Figure 7.11: Relative bed associated area as derived from the measured pressure gradient as
function of the flow velocity for the data of all experiments

7.5. Predicting bed friction and bed shear stress
The present models for the determination of the effective bed friction during ero-
sion and sheet flow conditions are based on an apparent bed roughness. As already
explained, the apparent bed roughness has no physical meaning in these flow con-
ditions. Besides this, the widely used relation ( ksd50

= C · θ) is an implicit relation
and cannot be solved directly, because it has more than one solution (Miedema and
Matousek, 2014). These are reasons to derive an explicit relation between the bed
friction and relevant operational parameters. A direct relation between the relative
bed friction coefficient and the bed associated Reynolds number (Reb = U ·Dhb/νw)
can be derived comparing the relative bed friction to a bed adapted Shields param-
eter (θ∗, see Figure 7.12), which is defined as:

θ∗b = τb ·D2
hb

ρw · ν2
w

(7.5)

on the basis of:

fb − fw,i = a · (θ∗)b (7.6)

in which a = 7.721 ·10−6 and b = 0.384, using the results of all experiments. The
influence of the density of the eroding flow on this empirical relation is negligible,
because the data of the experiments of which the density of the eroding flow is below
1190 kg/m3 give for a = 8.008 ·10−6 and for b = 0.386. These empirical constants
are highly comparable to the empirical constants as derived for all experiments.

Using the results of all experiments and considering fw,i = 0 and τb = fb
8 ·ρw ·U

2,
this leads to the following explicit relation between the bed friction coefficient and
bed associated Reynolds number:

fb = 1.373 · 10−9 ·Re1.247
b (7.7)
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Figure 7.12: Relative bed friction versus bed adapted Shields parameter as derived from the
measured pressure gradient for all data (a) and data with a density of the eroding flow of < 1190
kg/m3) (b)

As stated above the influence of the density of the eroding flow is negligible,
because the data of the experiments of which the density of the eroding flow is
below 1190 kg/m3 give a highly comparable relation:

fb = 1.355 · 10−9 ·Re1.257
b (7.8)
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Figure 7.13: Relative bed friction versus bed associated Reynolds number as derived form the
measured pressure gradient for all data (a) and data with a density of the eroding flow of < 1190
kg/m3) (b)

Assuming fw,i = 0, means that Equations (7.7) and (7.8) can be used in case of
jetting and breaching. Figure 6.9 shows that the apparent boundary between the
bed and wall associated area during the experiments is comparable to the frictionless
surface during water jetting and breaching. In this case the bed hydraulic diameter is
equal to the total hydraulic diameter of the flow. However, these equations should be
used with great care, because of the specific dimensions of the measurement section.
During these experiments the bed associated area is relative large in comparison with



7

152 7. Analysis bed shear stress

the circumference of the bed (bed width: 0.088 m), leading to a relative large bed
associated hydraulic diameter, which is far beyond the height of the measurement
section. In order to avoid this restriction an empirical relation can be derived on the
basis of a bed area adapted Shields parameter instead of the bed adapted Shields
parameter:

θ∗b = τb ·Ab
ρw · ν2

w

(7.9)

Using the data from all experiments and considering fw,i = 0 and τb = fb
8 ·ρw ·U

2,
the following relation is found:

fb = 1.026 · 10−10 ·Re1.591
A (7.10)

in which the bed area Reynolds number (ReA) is defined as:

ReA = U ·
√
Ab

νw
(7.11)

However, Figure 7.14 shows that this approach leads to a less accurate prediction
of the bed friction coefficient in comparison with Equations (7.7) and (7.8), as
depticted in Figure 7.13.
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Figure 7.14: Relative bed friction versus bed area associated Reynolds number (a) and bed friction
versus bed associated Reynolds number (b) as derived from the measured pressure gradient of the
data of all experiments

Recently Miedema and Ramsdell (2016) developed an explicit equation for the
bed friction factor in case of sheet flow during pipeline transport. However, in this
case the flow conditions differ from the erosion of sand. If a layer of moving grains
or sand bed is present at the bottom of a pipeline (sheet flow conditions), the pick-
up and sedimentation flux will be in equilibrium. In case of erosion, the pick-up
is larger than the sedimentation flux. Miedema and Ramsdell (2016) have found a
corresponding influence of the wall friction in case no sand bed is present and their
analysis supported the hypothesis of Wilson (1988) that head loss and as a result
the bed friction, does not depend on grain size. However, there is also a difference
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in the dependence of the depth-averaged flow velocity. The analysis by Miedema
and Ramsdell (2016) shows that the bed friction depends on approximately U2.5,
while this study shows a relation of the bed friction with U1.25 and U1.59.

Another difference is the relation with the hydraulic diameter. In the empirical
relation of Miedema and Ramsdell (2016) the bed friction depends on the reciprocal
value of the hydraulic diameter, while this study shows that the bed friction increases
as the bed associated hydraulic diameter increases. The reason for this difference
can be explained by the fact that Miedema and Ramsdell (2016) have related the
bed friction to the hydraulic diameter based on the total cross section of the flow,
while this study relates the bed friction to the hydraulic diameter based on part
of the flow: the bed associated hydraulic diameter. The first mentioned hydraulic
diameter is defined by the dimensions of the total cross-section of the flow, while
the bed associated hydraulic diameter can develop in size at increasing bed friction
(see Figure 7.9b).

Miedema and Ramsdell (2016) have presented also an empirical explicit equation,
to determine the bed friction coefficient, based on the idea that the energy loss in
a sheet flow layer is influenced by the mass of the grains. The mass of a grain is
directly related to d3, meaning that the grain size should influence the bed friction
coefficient. The empirical equation of Miedema and Ramsdell (2016) relates the
bed friction coefficient to d0.28. Therefore, this influence is not very strong and
the present analysis of the measurements (see Figures 7.13 and 7.14b) as well as
Equation (6.28) (Pugh and Wilson, 1999) do not endorse the influence of the size
of the grains on the bed friction coefficient. However, this is in contradiction with
Figure 7.8 showing the relation between the bed friction coefficient and concentration
gradient. The concentration gradient depends on the pick-up and sedimentation flux
and especially the sedimentation flux depends on the settling velocity of the grains
and hence depends on the grain size.

7.6. Discussion
The flow conditions during sheet flow can be considered to be comparable with the
flow conditions during the erosion of sand. Present studies relate the bed friction
during these conditions, in case of a hydraulic rough flow, via for instance the
Colebrook equation (pipe flow) or Chézy equation (open channel flow) to a relation
between the relative bed roughness (ks/d50) and the Shields parameter.

This is not the case at low flow velocities and low Shields parameter (θ < 0.5
to 1), being the case during a none or almost non-eroding sand bed. In this case
the Colebrook equation is based on the presence of fixed wall roughness elements.
The size of the fixed roughness elements determines the friction along the wall and
depends on the grain size. Numerous studies show that the effective roughness
depends on the size of the largest grains (d90). The roughness was mainly found to
be in the range of 1 to 10 · d90 of the bed material (van Rijn, 1993). Increase of
the size of the roughness elements leads to a larger friction coefficient, because large
grains will have a larger effect on the retardation of the flow velocity close to the
wall or bed than small grains, increasing the effective friction along the bed.

At high flow velocities (U > 1 m/s) and/or Shields parameter (θ > 0.5 to 1)
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grains simultaneously entrain into the flow and settle down on the eroding sand
bed. During these conditions it is considered that the effective roughness is much
larger than the grain size of the grains and the relative bed roughness is related to
the Shields parameter according to Equation (3.35). The implicit character of this
relation apparently improves the accuracy of the equation in relation the experi-
mental data, while the bed roughness during these flow conditions has no physical
meaning. Using Equation (3.35) can lead to physical unrealistic dimensions of the
effective roughness: effective roughness larger than the diameter in case of pipe flow
or larger than the water depth in case of breaching. This emphasizes the fact that
the effective roughness has no physical meaning, but is just a measure for the energy
loss along on eroding sand bed or in sheet flow conditions.

The results of the present experiments confirm the existing relation between the
relative bed roughness and Shields parameter, however the data confirm that im-
plicit relations should be used with great care (Section 7.2). Deviating experimental
results, due to for instance measurement errors, still fulfill Equation (3.35) because
these deviating experimental results cause deviation of the relative bed roughness
as well as the Shields parameter. This was proven by the fact that the results of
five experiments fulfilled Equation (3.35), but their results where highly question-
able because of deviations during the final calibration of the pressure gauges and
comparison of the bed friction with the wall friction in the measurement section.

The need for an explicit empirical relation is emphasized by the fact that Equa-
tion 3.35 is an implicit relation and has in most cases more than one solution (see
Section 3.4.4). The experiments show that the bed shear stress is directly related to
the product of the density of the eroding flow and the squared value of the depth-
averaged flow velocity. The effect of the grain size is more or less negligible for
the three largest grain sizes (> 125 µm). The experiments show the influence of
the concentration of grains directly above the non-eroded part of the sand bed by
comparing the concentration gradient over a distance of 0.01 and 0.02 m above the
top of the non-eroded part of the sand bed with the bed friction (Figure 7.8). A
large concentration gradient (large decrease of the concentration above the top of
the sand bed) means that the concentration just above the bed is relative low. This
comparison shows that there is a certain envelope determining the maximum bed
friction as function of the instantaneous concentration gradient. The maximum bed
friction is relative low at a high concentration gradient, because of the low concen-
tration just above the top of the sand bed. A lower concentration gradient, in case
higher concentration just above the sand bed, leads to a higher bed friction. The
existence of an envelope can be explained by the highly variable character of the
erosion process. As a result of turbulent bursts lumps of sand are eroded, leading
to a temporarily relative high concentration and low concentration gradients, which
are not representative for the average concentration and thus average bed friction.

In case of erosion the pick-up flux is larger than the settling flux. During an
oscillating sheet flow the pick-up flux or sedimentation flux consecutively dominate.
Because the pick-up and sedimentation process are determined by the grain size (and
off course flow velocity) it is expected that the grain size influences the effective bed
friction during erosion or sheet flow. However, Equation (3.35) assumes a linear
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relation between the relative bed roughness and Shields parameter, considering that
the effective bed friction is independent of the grain size and depends solely on
the depth-averaged flow velocity and density of the flow. This is confirmed by the
results of this study, showing that the bed friction is independent of the grain size.
However, this is still questionable because the results of the erosion experiments
show that the bed friction coefficient is related to the concentration gradient, which
is influenced by the sedimentation and pick-up flux and hence the size of the grains.

The bed friction coefficient depends on the concentration gradient (and concen-
tration) just above the eroding sand bed, not on the average density of the eroding
flow. The energy loss is determined by the energy losses as a result of grain-fluid
and grain-grain interaction close to the top of the eroding sand bed. However, the
concentration is not a useful parameter in order to derive an explicit expression for
the determination of the bed friction coefficient. The concentration can only be de-
termined on the basis of experimental results. Considering the negligible influence
of the grain size the (implicit) relation between the bed friction and bed shear stress
was used to derive a direct relation for the bed friction, which could also be used
in case of jetting and breaching. This comparison showed that the bed friction was
directly related the bed associated Reynolds number (Reb = U ·Dhb/νw). The effect
of the concentration close to the eroding sand bed is implicitly incorporated in this
relation. This can be explained by the influence of the depth-averaged flow velocity.
At increasing flow velocity the pick-up of grains will increase leading to a lower con-
centration gradient and hence a higher concentration just above the non-eroded part
of the sand bed. This effect causes an increase of the bed friction during the erosion
of sand and shows that the bed friction is directly related to the depth-averaged
flow velocity.

Summarizing the analysis of the experimental results shows that the hydraulic
pressure gradient along an eroding sand bed and thus the bed shear stress and
bed friction depend on concentration gradient close to the eroding sand bed. This
concentration gradient depends on the pick-up and sedimentation flux. This means
that the hydraulic pressure gradient and thus the bed shear stress and bed friction
depend on the pick-up and sedimentation flux. As further explained in Section 8
the shear force along an eroding sand bed, at a Shields parameter of more than
0.5 to 1.0, can not be considered as the driving force for the pick-up of grains.
It is an apparent parameter representing the hydraulic pressure gradient along an
eroding sand bed, as a result of the pick-up and sedimentation flux. More specific
the hydraulic pressure gradient is influenced by:

1. the energy necessary for the acceleration of the grains which are picked-up by
the flow;

2. the influence of the concentration of the grains, just above the top of the
sand bed, introducing an increase of the effective viscosity of the sand-water
mixture;

3. energy losses as a result of collisions between the grains just above the top of
the sand bed;
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4. turbulence of the flow, which is determined by the depth-averaged flow veloc-
ity and bed associated hydraulic diameter. An increase of the depth-averaged
flow velocity and bed associated hydraulic diameter causes an increase of tur-
bulence.



8
Analysis pick-up flux

8.1. Introduction
The literature survey shows that at flow velocities of more than 1 m/s the bulk
properties of the sand bed are assumed to influence the erosion process, as described
in Section 4.5. The pick-up flux is reduced as a result of dilatancy during shearing
of the sand bed. However, the amount of experimental data was too limited to
check this hypothesis and study the erosion process at flow velocities of more than
1 m/s. To gather more experimental data, erosion experiments were carried out in
an adapted slurry transport circuit of the Dredging Research Laboratory of Delft
University of Technology (see Section 5.2). The results of these experiments are
described in Chapter 6. This chapter comprises the analysis of the experiments in
order to describe the physical process during the erosion of sand at flow velocities
of more than 1 m/s and to develop an analytical pick-up function, in order to fulfill
the goal of this experimental study.

The characteristics of the erosion process are described in Section 8.2. This
Section describes the influence of the turbulence of the flow and behavior of the
sand bed on the pick-up flux. The pick-up flux cannot be measured directly during
the experiments. The effective pick-up flux is determined on the basis of the erosion
velocity, as based on the measurements with the conductivity probes, and estimation
of the sedimentation flux during the experiments. The sedimentation flux depends
on the settling velocity of the grains and the concentration close to the top of
the sand bed representative for the sedimentation flux. Section 8.3 describes the
influence of the assumption for the bed concentration and sedimentation process
on the estimation of the sedimentation flux and resulting derived pick-up flux. On
the basis of this analysis the way of the estimation of the sedimentation flux is
determined.

Section 8.4 shows the influence of the flow conditions (depth-averaged flow ve-
locity and density eroding flow) on the erosion velocity and pick-up flux on the basis
of the results of the experiments. The effect of the permeability and the relative

157



8

158 8. Analysis pick-up flux

density of the sand bed on the measured pick-up flux is shown in Section 8.5.
Recently van Rhee and Bisschop (2015) compared the results of the first series

of experiments (Bisschop et al., 2016) with the results of calculations with a CFD-
model. In this model the Reynolds Averaged Navier-Stokes equation is solved with a
k-ε turbulence closure. The pick-up is modeled with the pick-up function according
to Equation (4.22) as described by van Rhee (2010). The results of these calculation
agree well with the results of the first series of the erosion experiments. However
the description of the erosion process as described by van Rhee (2010) differs from
the visual observations of the high-speed films made during the second series of the
experiments. Because of this difference a new semi-empirical analytical function was
derived for the determination of the pick-up flux as function of the depth-averaged
flow velocity (Section 8.6) on the basis of the description of the physics of the erosion
process and the results of the experiments.

This function is based on the physics of the erosion process, that has close
resemblance with the model of Gao (2008). This section describes also the basic
assumptions for this function, while this function is further calibrated and improved
on the basis of a comparison with the results of the experiments. The practical
application of the improved knowledge of the erosion of sand in case of breaching
is described in Section 8.6.7. Finally the validity and physics of the function are
discussed in Section 8.7.

8.2. Characteristics erosion process
This section describes the influence of the turbulent behavior of a flow, represented
by ejections and sweeps, on the erosion process (Section 8.2.1). The resulting be-
havior of the sand bed during erosion is described in Section 8.2.2. Section 8.2.3
describes the influence of the concentration of the eroding flow on the erosion pro-
cess. The erosion regime during the executed experiments is analyzed, described
and discussed in Section 8.2.4.

8.2.1. Effect of turbulence
Videos made of the experiments with a high speed camera show that the erosion
process is influenced by vortices consisting of ejections and sweeps as a result of the
turbulent behavior of the flow (as depicted in Figures 3.9 and 3.10). A sequence
of ejections and sweeps hitting the bottom is usually called ’bursting’ or are known
as ’turbulent bursts’ (Nezu and Nakagawa, 1993). An ejection is characterized by
a local upward flow velocity and a local horizontal velocity lower than the depth-
averaged flow velocity. The flow of a sweep is characterized by a local horizontal
velocity larger than the depth-averaged flow velocity and a downward local vertical
velocity.

As depicted in Figure 3.11 these vortices move upwards from the bottom of the
flow into the main flow, while later moving back to the bottom. According to Nezu
and Nakagawa (1993) the spacing between these bursts is related to the water depth
(between 1.4 · hw and 2.7 · hw). However, Figure 8.1 shows that neighboring bursts
do not have any spacing in between. Bursts hit the top of the sand consecutively,
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without any spacing in between. This difference could be caused by the presence of
grains close to the bottom of the flow, because the description of bursting is based on
a turbulent flow without any grains. The presence of grains will dampen the kinetic
energy of the vortices, resulting in vortices staying close to the bottom. Figure 8.1
shows that the length of the bursts responsible for pick-up and sedimentation is 0.05
to 0.10 m. The ejections and sweeps, influencing pick-up and re-sedimentation close
to the top of the sand bed, both cover approximately a length of 0.03 to 0.05 m
of the bottom, while in vertical direction they extend over a height of 0.02 to 0.03
m. The ejections and sweeps influencing the erosion process form a layer with a
thickness of 0.02 to 0.03 m above the top of the sand bed. Above this layer of bursts
vortices exist, forming a layer in which the grains are kept into suspension. It should
be noted that the observed dimensions of the vortices are valid for the dimensions of
the experimental set-up and depth-averaged flow velocities during the experiments.
Other flow conditions will affect the dimensions of the vortices.

Figure 8.1 shows the typical characteristics determining the erosion process.
Ejections transport the grains, which have been released from the sand bed by
sweeps, into the main flow, see Figure 8.2. This can be compared with the saltation
of grains, studied by for instance Lee and Hsu (1994). Part of the grains is kept
in suspension by the turbulent energy of the flow, while some ejections change in
sweeps causing re-sedimentation of the grains. This process results in a net pick-up
flux. In the ejections the concentration is determined by the bed concentration,
while the resulting sedimentation flux of grains by the sweeps is determined by the
near-bed concentration and the downward velocity of the grains in the sweeps and
ejections. This velocity is not determined by the settling velocity of the grains and
thus the bulk of the grains, but is influenced by the flow velocity of the sweeps in
the vortices. Considering the ejections and sweeps in the vortices exhibit the same
angular flow velocity, the difference between the bed concentration and the near-bed
concentration results in a pick-up flux exceeding the sedimentation flux (see Figure
8.3).

These ejections and sweeps follow the main flow direction, sometimes inter-
spersed with smaller vortices, rotating with a relative high angular velocity in clock-
wise direction as depicted in Figure 8.1d through 8.1h. The resulting centrifugal
forces on the grains decrease the concentration of grains in the center of these vor-
tices to almost zero. These rotating vortices follow the direction of the main flow,
while moving slightly downwards to the top of the sand bed. Close to the sand
bed, some of these vortices lose their kinetic energy, which is (partly) replaced by
potential energy, necessary to pick-up grains. As a result they (partly) extinguish
close to the bottom (Figure 8.1i and 8.1j).

The successive cycles of pick-up and partly re-sedimentation also can be recog-
nized clearly during experiment 28 from the density measurements with the con-
ductivity probes. This experiment was executed with Zilverzand (d50 = 262 µm).
The depth-averaged flow velocity during this experiment was approximately 4 m/s
and the relative density of the sand bed was between 0.0 and 0.2. Figure 8.4 shows
the density as measured with selected conductivity probes at different levels in the
measurement section. This figure shows the results of the measurements of the con-
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 8.1: Erosion during experiment 33: flow direction is to the right. Operational conditions:
d50 = 262 µm, Rn = 0.66 - 0.70, hf = 0.12 m, vs = 5.6 - 6.0 m/s, ρm = 1200 kg/m3. The time
interval between each frame is 0.004 seconds, while the distance between the grid lines is 0.02 m
in horizontal as well as vertical direction
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Figure 8.2: Ejection during experiment 69: flow direction is to the right. Operational conditions:
d50 = 562 µm, Rn = 0.6 - 0.9, hw = 0.2 m, vs = 4.7 - 5.2 m/s, ρm = 1090 kg/m3
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Figure 8.3: Erosion process as influenced by vortices, consisting of sweeps and ejections, hitting
the bottom (turbulent bursts)

ductivity probes at a vertical distance of 0.02 m from each other. The effect of the
sweeps and ejections can be clearly recognized from the results of the measurements
of the conductivity probes at a level between 24.2 and 84.2 mm above the bottom of
the measurement section. At the moment the erosion front reached the level of the
conductivity probe the density decreased suddenly, but within a short moment the
density increased again. Sometimes this behavior repeated itself more than once.
This behavior is caused by a sequence of ejections and sweeps causing consecutive
pick-up and re-sedimentation.

8.2.2. Behavior of the sand bed
A phenomenon observed during several erosion experiments was that the top of the
sand bed moved downward and upward before the sand bed was eroded. This effect
can be recognized clearly from the measurements during the experiments on the
finest sand type (Silverbond d50 = 51 µm), especially at very low relative densities
(Rn between -0.3 and -0.1). In this case the sedimentation process, in order to create
a sand bed in the measurement section, led to a higher porosity than the value of
nmax, which was determined in dry conditions.
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Figure 8.4: Change of density at selected levels in the measurement section, as measured by the
conductivity probes, during experiment 28: d50 = 262 µm, Rn = 0.0 - 0.2, hf = 0.12 m, vs = 3.5
- 4.1 m/s, ρm = 1180 kg/m3

Figure 8.5a shows the results of experiment 77 on Silverbond sand with a relative
density of the sand bed of -0.2. This figure shows that at the level of the different
conductivity probes the density changes between the density of the sand bed (top
of sand bed moved in upward direction) and the density of the eroding flow (top of
sand bed moved in downward direction) as a result of the undulating behavior of the
sand bed. Effectively the sand bed moved in upward and downward direction until
the erosion front reached the level of the conductivity probes. Figure 8.5a shows
also that at a level 44.4 and 66.2 mm above the bottom of the measurement section
the density of the sand bed increased just before the sand bed eroded at this level.
This is caused by the effect of turbulent wall stresses resulting in (temporarily)
contractant behavior (compaction) of loose sand.

Figure 8.5b shows the density at different levels in the measurement section
during erosion experiment 88. During this experiment the depth-averaged flow
velocity varied between 3.8 and 4.1 m/s, while the relative density varied over the
height between 0.1 and 0.9. The top of the sand bed did have an initial relative
density of approximately 0.1, while the lowest part of the the sand bed did have a
initial relative density of up to 0.7. Figure 8.5b shows a relative constant density
of the sand bed before the sand bed eroded and a constant decrease of the density
after the erosion front passed the corresponding conductivity probe

More specifically the undulating behavior of the sand bed can be recognized from
the measurements of the conductivity probe at a level of 54.2 mm above the bottom
of the measurement section during experiment 77 as depicted in Figure 8.6. During
experiment 77 the density of the sand bed decreased at t = 19.5 s and increased at t
= 19.6 s. This behavior is repeated several times until the sand bed is totally eroded
at t = 22.5 s. This figure shows also clearly the constant density at the same level
during experiment 88 with a higher relative density of the sand bed. The undulating
behavior of the sand bed made it also difficult to define the exact moment of erosion
during the experiments on this type of sand and relative density of less than 0.
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Figure 8.5: Measured density at different levels above the bottom of the measurement section
before and during the actual erosion front reaches the corresponding conductivity probe during
erosion experiment 77 (a) and 88 (b). Operational conditions experiment 77: d50 = 51 µm, Rn =
-0.2, vs = 1.3 - 1.4 m/s, ρm = 1050 kg/m3 and operational conditions experiment 88: d50 = 51
µm, Rn = 0.1 - 0.7, vs = 3.8 - 4.1 m/s, ρm = 1060 kg/m3

This behavior can be explained by the effect of liquefaction. Liquefaction can
be the result of static or cyclic loading (Lunne et al., 1997). At a very low relative
density of a sand bed a static load can result in liquefaction, while a cyclic load can
result in liquefaction at a higher relative density. The permeability of the sand plays
also a major role during liquefaction in case of cyclic loading. In case the loading
results in contractant behavior of the sand bed the volume of the voids in between
the grains decreases. This effect generates temporarily excess pore water pressures,
which will decrease by the flow of water out of the sand bed. The value of the excess
pore water pressure depends on the thickness of the liquefied layer, permeability of
the sand and rate of the cyclic loading. These excess pore water pressures decrease
the effective vertical stress (σ′z), see Equation (2.14), because the total vertical stress
(σz) remains constant. This results in a decrease of the strength of the sand bed,
see Equation (2.13). The presence of excess pore pressures resulting in liquefaction
has been investigated by Bezuijen and Mastbergen (1988). They measured excess
pore pressure during the construction of a sand dam by means of a hydraulic fill.
During the decrease of the excess pore pressures the density of the sand increased
as a result of contractant behavior.

In case of erosion, sweeps have caused (temporarily) liquefaction. Due to al-
ternating sweeps the sand bed is subjected to cyclic loading. The sweeps result in
contractant behavior (Section 2.3.3), especially in case of sand with a low relative
density. As a result excess pore water pressures are generated, resulting in a de-
crease of the strength of the sand bed and a highly deformable sand bed. Due to this
decrease of strength, outflow of water and consecutive sweeps and ejections traveling
in horizontal direction the top of the sand bed starts undulating. The thickness of
the liquefied zone depends on the relative density (Rn) and permeability (k) of the
sand bed and magnitude and rate of cyclic loading, as a result of the impact of
consecutive sweeps.
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Figure 8.6: Measured density at a level of 54.2 mm above the bottom of the measurement during
experiment 77 and 88. Note: the time-scale of experiment 88 has been changed to compare both
measurements

The effect of the relative density on the thickness of the liquefied zone can be
explained by the difference in behavior during the erosion experiments executed on
sand with a d50 of 125 and 262 µm (Geba and Zilverzand). Visual observations
during these experiments on both sand types showed that liquefaction took place
over a thickness of 5 to 20 mm from the top of the sand bed in case of a high
relative density (Rn between 0.6 and 1.0) of the sand bed. Visual observation of
the experiments, with a lower relative density (Rn between 0.0 and 0.5), showed
liquefaction of a larger part of the sand bed (up to a depth of 50 to 100 mm below
the top of the sand bed). This shows that a lower density of a sand bed leads to
more compaction, resulting in a relative thick liquefied zone. This behavior is not
the same as the behavior during sheet flow, because the liquefied layer exhibits none
or almost none displacement in horizontal direction. During sheet flow the sheet
flow layer moves also in horizontal direction.

The experiments on the coarsest sand type (Dorsilit: d50 = 562 µm) showed
only temporarily liquefaction of the top of the sand bed (5 to 20 mm). Liquefaction
occurred only in small zones with a diameter of 10 to 20 mm just below the top
of the sand bed. These liquefied zones disappeared before the next sweep reached
the bottom. This local liquefaction is caused by turbulent normal wall stresses, as
a result of sweeps hitting the top of the sand bed. The resulting excess pore water
pressures decrease relative quickly as a result of the relative high permeability of
this type of sand in comparison with the permeability of the other sand types. As a
consecutive sweep hits the top of the sand bed again, the excess pore water pressures
will be reduced significantly, resulting in smaller dimensions of the liquefied zone.

The decrease of the excess pore water pressures can be determined using the
consolidation theory of Terzaghi (Lambe and Whitman, 1969). The average time
between two sweeps during the experiments was between 0.02 and 0.1 s. Based
on a permeability of 1.5 cdot 10−3 m/s, the consolidation ratio of a layer of 0.1 m
is 100 %. This means that the excess pore pressure decreased to zero before the
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next sweep hits the top of the sand bed, resulting in hardly any liquefaction of the
sand bed. This agrees with the visual observations during the erosion experiments
on this type of sand. The consolidation rate of the finest sand type (Silverbond)
is approximately 10 %. The excess pore pressure hardly decreased between two
consecutive sweeps, leading to liquefaction of the whole sand bed during the erosion
experiments on this sand type as observed.

8.2.3. Influence of the concentration of the eroding flow
Figure 8.7 shows the effect of the eroded grains on the concentration profile above
the bed. At the start of the erosion process (t = 2.5 s) the grains were suspended
in vertical direction over almost the whole flow height above the sand bed in the
measurement section. Figure 8.7 shows that at t = 3 s the density of the eroding
flow at a height of approximately 0.05 m above the eroding bed increased to between
1500 kg/m3 and 1600 kg/m3. During this experiment the level, at which the density
of the eroding flow is between 1500 kg/m3 and 1600 kg/m3, dropped to a level of
approximately 0.01 m above the erosion front. The flow is more stratified. This is
the result of the increase of the density of the eroding flow during the first moments
of the erosion experiment. At the start of the erosion process the density of the
flow is relative low. The eroded grains are not or almost not hindered by grains in
the eroding flow. However, during the experiment the density of the eroding flow
increased and grains in suspension hindered eroded grains moving upward in the
flow, hence reducing the entrainment of grains in the suspension zone of the main
flow.

Density [kg/m3]

Figure 8.7: Measured density profile during experiment 50: d50 = 125 µm, Rn = 0.2 - 0.4, vs =
4.1 - 4.9 m/s, ρm = 1178 kg/m3
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8.2.4. Erosion regime
The physics of the erosion process is further investigated on the basis of the following
characteristic values: quotient erosion velocity and permeability, theoretical sheared
layer thickness and the Péclet number, determining whether drained or undrained
conditions occurred during the erosion experiments. It should be noted that the
value of these characteristic values is based on the assumption that the erosion
process is dominated by the shearing of layers of sand over the whole surface of the
sand bed, while the present experimental study shows that erosion is dominated by
sweeps hitting the top of the sand bed at different locations, causing local erosion
of the surface. Despite this difference, these characteristic values give an indication
of the average conditions of the sand bed during erosion.

Influence of quotient erosion velocity and permeability
As the erosion process is influenced by the soil bulk properties of the sand bed,
like dilatancy as a result of shearing, the ratio ve/k should fulfill the criterion for
dilatancy reduced erosion: ve/k > 50 to 100 (see Figure 8.8a). The conditions
during the erosion experiments on the three sand types with the smallest grain size
(d50 = 51, 125 and 262 µm) fulfilled this criterion. Another condition, to determine
if the erosion process is influenced by the soil bulk properties of the sand bed, is
the value of the Shields parameter (θb). In case θb > 0.5 to 1.0 it is considered
that the bulk properties of the sand start to influence the pick-up of grains. This
criterion is comparable to the criterion for sheet flow, during which multiple layers
of sand are sheared along the top of the sand bed (see Section 3.5). All experiments
fulfilled this criterion (see Figure 8.8b), showing that the erosion process should be
influenced by the behavior of multiple layers of sand. This confirms that the soil
bulk properties have influenced the erosion process during the erosion experiments
on the three sand types with the smallest grain size.

However, during the erosion experiments on the coarsest sand type (d50 = 562
µm) the value for ve/k varied between 5 and 70, mainly below or just fulfilling the
criterion for the dilatancy reduced erosion regime (see Figure 8.8a). On the other
hand, the value of the Shields parameter was during these experiments far above
1.0. This shows that the conditions during the experiments enabled the shearing of
layers of sand (sheet flow conditions), but that the resulting dilatancy will not have
led to a significant inward hydraulic gradient into the sand bed, due to the relative
high permeability of this type of sand.

Layer thickness
Figure 8.8b shows that during all experiments the Shields parameter was far above
1.0, considering that the erosion process is influenced by the soil bulk properties of
the sand bed. An indication of the thickness of the bulk influenced by the flow con-
ditions can be derived using the theoretical approach for dilatancy reduced erosion
and the results of the erosion experiments. Assuming the criterion for dilantancy
reduced erosion is met and the erosion process is dominated by the shearing of lay-
ers of sand, the thickness of the sheared layer (hs) can be derived on the basis of
Equation (4.29):
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Figure 8.8: Criterion for dilatancy reduced erosion during all experiments: ve/k as function of the
flow velocity (a) and as function of the Shields parameter (b). Value for the erosion velocity (ve)
is based on the pick-up flux as based on the average concentration of the eroding flow

hs = τb

g · tanφ ·
[
(1− nmax) · (ρs − ρw) + ve

k ·
nmax−ni
1−nmax · ρw

] (8.1)

The angle of internal friction (φ) of the different types of sand is determined on
the basis of Equation (2.16), an empirical relation between the angle of friction and
the relative density and coefficient of uniformity. Figure 8.9 shows the thickness and
relative thickness of the sheared layer (hs/d50) as function of the bed shear stress.
Considering that the erosion process is determined by mobile layers of multiple
sheared layers of sand, the thickness of this layer is between 10 · d50 and 500 ·
d50. This means that the behavior of the sand bed is determined by the soil bulk
properties of the sand bed, because sand can be described as a soil bulk at a layer
thickness of at least 10 times the average grain size (Section 3.5.6).
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Figure 8.9: Thickness of the sheared layer (ddil) and relative thickness of sheared layer (ddil/d50)
according to the theoretical approach of dilatancy reduced erosion using the results of the experi-
ments as function of the bed shear stress
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Drained or undrained conditions
In case shearing leads to dilatancy, this results in a volume increase of the pores.
Pore water under pressures are generated in the top of the sand bed, resulting in an
inward hydraulic gradient. Depending on the relative density, the sand bed could
also show contractant behavior as a result of the turbulent normal wall stresses
due to the sweeps. Whether during both types of behavior drained or undrained
conditions occur depends on the Péclet number (Pew):

Pew = v · l
ci

(8.2)

in which v is a velocity scale, l is a length scale and ci is the isotropic consolidation
coefficient (Bisschop and van Kesteren, 1994). Fully drained conditions occur at
Pew < 1, while at Pew > 10 almost fully undrained conditions occur (Winterwerp
and van Kesteren, 2004).

It should be noted that the theory of dilatancy reduced erosion assumes drained
conditions, because erosion occurs when the pore water under pressures are com-
pensated by the inflow of water. As a measure for the velocity scale (v) the average
erosion velocity, neglecting the sedimentation flux: ve = E

ρs·(1−ni) , can be used.
Another measure for the velocity scale could be the local downward flow velocity
(ŵ) in the vortices causing ejections and sweeps close to the top of the sand bed.
Because these ejections and sweeps are considered as the cause of erosion, the local
velocity scale will be rather of the order of the local downward velocity than the
average erosion velocity. The average erosion velocity is a measure for the velocity
scale (v), but the local velocity scale of the bursts, resulting in erosion, is higher.
For the determination of the Péclet number the local downward flow velocity in the
vortices is assumed to be of the order of the depth-averaged flow velocity (U).

The length scale is based on the theoretical thickness of the dilating layer, while
the consolidation coefficient is determined on the basis of (Lambe and Whitman,
1969):

ci = k

ρi · g ·mv
(8.3)

in which mv is the coefficient of volume compressibility. Assuming 1/mv ≈ Eoed
and:

Eoed = C
′
· σ
′

(8.4)

in which Eoed is the oedometer loading stiffness of the sand bed as function of
the constant of compressibility (C ′) and the effective stress (σ′). In case of loose
sand C ′ is approximately 1000.

Figure 8.10a shows the Péclet number based on the erosion velocity, while Figure
8.10b shows the Péclet number based on the depth-averaged flow velocity. Figure
8.10a shows that the Péclet number during the experiments should have been less
than 1, meaning that the erosion process should have been dominated by fully
drained conditions in the eroding sand bed. The resulting excess pore water pres-
sures should have been dissipated fully by pore water flow, enabling erosion.
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However, during the experiments on Silverbond sand liquefaction of the whole
sand bed took place during the experiments with a relative density < 0. The exper-
iments executed with a relative density > 0, showed liquefaction at the top of the
sand bed (0.02 to 0.05 m). The initiation of liquefaction is an undrained process. A
static or cyclic load in combination with sand with a low relative density leads to
contraction and excess pore water pressures. The excess pore water pressures result
in a decrease of the effective stress and hence lower resisting shear strength, leading
to liquefaction.

The occurrence of liquefaction during the experiments on the sand types Silver-
bond, Geba and Zilverzand can be explained by the findings of Figure 8.10b. In
this case the velocity scale of the Péclet number is based on the depth-averaged flow
velocity, because the occurrence of liquefaction depends on the flow velocity in the
sweeps. This determines the normal stress on the sand bed and hence the excess
pore water pressures. The value of the Péclet number during the experiments on
the sand types Silverbond, Geba and Zilverzand is mainly above 10, confirming the
occurrence of undrained behavior, resulting in liquefaction. The Péclet number dur-
ing the experiments on Dorsilit sand is between 1 than 10, meaning that the sand
will have exhibited partly undrained and drained behavior. This is confirmed by
the visual observations during the experiments. It should be noted that the Péclet
number is not the only parameter determining whether liquefaction occurs. The
relative density plays also a large role.
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Figure 8.10: Péclet number (Pew) being a measure for the occurrence of drained or undrained
conditions, as based on the erosion velocity (a) and depth-averaged flow velocity (b) as function
of the bed shear stress

8.3. Determination pick-up flux: near-bed con-
centration

The determination of the net pick-up flux (E) from the results of the experiments
needs an estimate for the sedimentation flux (S) during the experiments:
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E = ve · (1− ni − cnb) · ρs + S (8.5)

in which S can be determined with:

S = cnb · ρs · whs (8.6)

The main unknown in Equation 8.6 is the near-bed concentration (cnb). Section
8.3.1 describes the different assumptions in order to determine the sedimentation
flux during erosion. Based on the results of the experiments the best approach for
the determination of the sedimentation flux is chosen for the determination of the
pick-up flux. This analysis is described in Section 8.3.2.

8.3.1. Near-bed concentration and sedimentation flux
The near-bed concentration influences the volume of grains moving through a down-
ward moving (eroding) interface and volume of grains eroding from the sand bed. A
first guess for the near-bed concentration is the average concentration of the eroding
flow (cav). However, close to the top of the eroding sand bed the concentration of
the eroding flow increases as a result of sedimentation and pick-up. Besides, the
flow conditions and movement of the grains close to the top of the sand bed are
influenced by vortices close to the bed. This means that a better approach for the
representative concentration for the sedimentation flux is the concentration close to
the top of the sand bed: the near-bed concentration. The height over which the
near-bed concentration should be determined depends on the size of the turbulent
vortices close to the top of the sand bed. Based on the visual observations of the
erosion process (Figure 8.1), it is estimated that these vortices have an average
height of approximately 0.03 m. This means that the best guess for the near-bed
concentration is the average concentration of the eroding flow over a height of 0.03
m above the top of the eroding sand bed.

The sedimentation flux can be considered as being determined by the average
settling velocity of the grains in the eroding flow, including the effect of hindered
settling, using the average concentration of the eroding flow or the near-bed con-
centration. However, a second approach could be the assumption that the sweeps
of the turbulent bursts transport the grains from the main flow to the top of the
sand bed and determine the sedimentation flux. In this case the vertical downward
velocity of the sweeps and area which is influenced by these sweeps determine the
sedimentation flux, in combination with the near-bed concentration.

In order to determine the effect of the near-bed concentration and the mechanism
determining the sedimentation flux, a sensitivity analysis was carried out to deter-
mine the effect of different approaches on the determination of the sedimentation
flux and resulting net pick-up flux. The first two assumptions, (1a) and (1b) are
based on the assumption that the sedimentation flux is determined by the average
settling velocity of the grains over the whole surface of the sand bed, including the
effect of hindered settling. The effect of hindered settling on the settling velocity is
determined according to Richardson and Zaki (1954). The third assumption (2) is
based on sweeps transporting grains to the top of the sand bed with the rotational
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flow velocity in these sweeps. The main starting points of these three approaches
are:

• approach (1a): the sedimentation flux is determined by the individual set-
tling velocity of the grains as based on Equation (8.6), including the effect
of hindered settling as based on the depth-averaged concentration of the flow
above the sand bed. The depth-averaged concentration of the eroding flow,
see Equation (6.6), is considered to be the representative concentration for the
sedimentation flux;

• approach (1b): this approach is also based on the individual settling velocity
of the grains including the effect of hindered settling. The representative
concentration for the determination of the the sedimentation flux is considered
to be the average concentration of the eroding flow just above the eroding sand
bed: the near-bed concentration. Visual observations of the erosion process
showed that the sedimentation flux is influenced by the vortices close to the
bed (turbulent bursts). These bursts have a height of approximately 0.03 m.
This height is taken as representative for the level over which the near-bed
concentration is determined;

• approach (2): the sedimentation flux is determined by the size of and flow
velocity in the sweeps of the turbulent bursts, while the near-bed concentration
is considered as the concentration in these sweeps.

The sedimentation flux as determined by the turbulent bursts, approach (2),
depends on the size of and flow velocity in the sweeps of these bursts. The bursts
leading to pick-up are considered to cover approximately 2% of the area (Cao, 1997)
of the eroding sand bed. It should be considered that these bursts cover a larger
relative area, but only the most energetic and bursts of suffucient size will lead
to significant pick-up. The sweeps are assumed to cover half of the area of the
bursts. The local vertical flow velocity (ŵ) in the sweeps depends on the shape of
the vortices. Visual observations of the vortices (see Section 8.2.1) show that the
length of the vortices is approximately twice the height of the vortices. Considering
that the local flow velocity at the top of the vortices is approximately the depth-
averaged flow velocity (U) and the vortices have a length twice the height in the
direction perpendicular to the flow, the average local vertical flow velocity in the
sweeps is approximately 0.5 · U .

This assumption for the local vertical flow velocity of the sweeps agrees globally
with the findings of Nezu and Nakagawa (1993). They have presented results of
several experiments regarding the vertical flow velocity of grains moved downwards
by sweeps. According to these experiments the maximum vertical velocity (ŵ) of
the grains equals the shear velocity.

This is in accordance with the findings of Mohajeri et al. (2016). They measured
the local vertical flow velocity over a gravel bed at depth-averaged low velocities of
approximately 0.35 m/s. According to these measurements the local vertical flow
velocity close to the bed varied between 0.8 and 1.2 ·u∗. Figure 8.11 shows that the
quotient between the horizontal depth-averaged flow velocity and the shear velocity
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(U/u∗) is related to the shear velocity. At a shear velocity of more than 1.0 m/s
this quotient is approximately 4. Considering that ŵ ≈ 1.0 ·u∗, the average vertical
flow velocity in the sweeps (ŵ) is approximately 0.25 · U .

Using τb = fb/8·ρ·U2, the quotient U/u∗ can be rewritten as:
√

8/fb. Using this
relation, Figure 8.11 shows that the bed friction coefficient increases at in creasing
shear velocity, as was also concluded in Section 7.5.
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Figure 8.11: The quotient of the measured depth-averaged flow velocity and shear velocity as
function of the shear velocity as derived from the results from all experiments. It should be noted
that the quotient U/u∗ can be rewritten as:

√
8/fb

Assuming that the sedimentation flux is determined mainly by the turbulent
bursts, neglects the sedimentation in between these bursts. The sedimentation in
between the bursts will be influenced by smaller vortices and sedimentation as a
result of the individual settling velocity of the grains.

8.3.2. Near-bed concentration during experiments
Figure 8.12 shows the relation between the average near-bed concentration during
an experiment and the depth-averaged concentration of the eroding flow for all
experiments. This figure shows that at a depth-averaged concentration of 0.3 the
near-bed concentration approaches the average concentration of the eroding flow
for the three coarsest sand types. However, at a lower average concentration of the
eroding flow the near-bed concentration of the coarsest sand type (d50 = 562 µm)
is higher than the near-bed concentration during the experiments on the sand types
with a d50 of 262 and 125 µm. This is the result of the higher settling velocity
of the coarsest sand type in comparison with the finer sand types. The grains of
the coarsest sand type, which are entrained into the flow, stay closer to the top of
the eroding sand bed. This leads to a relative high near-bed concentration. The
near-bed concentration of the finest sand type (d50 = 51 µm) is relative low. This
is the result of the lower pick-up flux of this material and the relative low settling
velocity of the grains.

The influence of the pick-up flux and sedimentation flux as derived according to
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Figure 8.12: Near-bed concentration (a) and relative near-bed concentration: cnb/cav (b) as func-
tion of the depth-averaged concentration of the eroding flow: cav

approach (1b) on the near-bed concentration is shown in Figure 8.13. This figure
shows clearly an increasing near-bed concentration as a result of an increasing pick-
up and sedimentation flux.
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Figure 8.13: Average near-bed concentration over a height of 0.03 m above the top of the eroding
sand bed, as determined during all experiments, as function of the pick-up flux (a) and product of
pick-up and sedimentation flux (b), as derived with the help of approach (1b)

8.3.3. Differences in sedimentation flux and effect on pick-
up flux

Figure 8.14 shows the effect of the concentration on the sedimentation flux near
the top of the sand bed, using Equations (8.5) and (8.6). The depth-averaged
concentration of the eroding flow during the experiments varied between 0.05 and
0.3. This means that the calculated sedimentation flux varies between 0.5 · Smax
and Smax, when the representative concentration is based on the depth-averaged
concentration of the eroding flow.
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Figure 8.14: Relation between sedimentation flux (S) and relative sedimentation flux (S/Smax) as
function of the depth-averaged concentration of the eroding flow as based on Equation (4.15)

The near-bed concentration varied between 0.15 and 0.3 for the three coarsest
sand types and between 0.05 and 0.1 for Silverbond sand (the finest sand type).
In case the near-bed concentration is considered as being representative for the
sedimentation flux, this flux varies between 0.9 · Smax and Smax. This means that
in case the near-bed concentration is representative for the sedimentation flux near
the top of the sand bed, deviations of the near-bed concentration does not have a
significant influence on the resulting sedimentation flux. For the finest sand type the
near-bed concentration varied between 0.08 and 0.17. In this case the sedimentation
flux varies between 0.75 ·Smax and Smax. Deviations of the sedimentation flux seem
to have a larger influence on the pick-up flux for this sand type, but it should be
considered that in this case the sedimentation flux is negligible in comparison with
the pick-up flux.

Figure 8.15 shows the pick-up flux as derived from the experiments on the basis
of three approaches in determining the sedimentation flux: (1a), (1b) and (2) as
function of the depth-averaged flow velocity. This figure shows that these approaches
show the same trend between the pick-up flux and depth-averaged flow velocity, only
the absolute value of the pick-up flux differs between these approaches. However,
the relative difference of the pick-up flux, determined according to these approaches,
is not significant.

Figure 8.16 shows the relative sedimentation flux (ratio between sedimentation
and pick-up flux: S/E) as function of the depth-averaged flow velocity. This figure
shows when using approach (1a) and (1b) the relative sedimentation flux increases
as function of the grain size. At a grain size of 51 µm the relative sedimentation
flux varies between 0.0 and 0.2. For the coarsest sand type this ratio varies between
0.05 and 0.95. Using approach (1a) and (1b) shows also that this ratio decreases as
function of the depth-averaged flow velocity. The pick-up flux increases as function
of the depth-averaged flow velocity, while the sedimentation flux stays more or
less constant at an increasing depth-averaged flow velocity. However, the near-bed
concentration increases at increasing depth-averaged flow velocity, the sedimentation
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Figure 8.15: Pick-up flux as derived from the experiments on the basis of three approaches in
determining the sedimentation flux: (1a), (1b) and (2) as function of the depth-averaged flow
velocity
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Figure 8.16: Relative Sedimentation flux (S/E) on the basis of three approaches in determining
the sedimentation flux: (1a), (1b) and (2) as function of the depth-averaged flow velocity for all
experiments and sand types

flux stays more or less constant. This is the result of the effect of hindered settling,
reducing the effective settling velocity at increasing concentrations.

Using approach (2) leads to a relative sedimentation flux varying between 0.05
and 0.50 for all sand types, while this ratio hardly increases as function of the
depth-averaged flow velocity. This is caused by the fact that the both pick-up and
sedimentation increase as function of the depth-averaged flow velocity.

Because erosion and sedimentation both are influenced by vortices close to the
bed and influence the near-bed concentration, approach (1b) is considered as the
most reliable method to derive the pick-flux from the results of the erosion exper-
iments. Approach (1a) does not take the effect of the near-bed concentration into
account. Approach (2) takes also the effect of the flow velocity in the turbulent
bursts into account. However, this approach is not used in the further analysis of
the experimental data, because this approach does not take into account the sed-
imentation in between these turbulent bursts. The effect of this influence on the
sedimentation flux is unknown. Both are reasons that the analysis of all experi-
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ments in the following sections is based on the pick-up flux, as derived according to
approach (1b). However, it should be noted that the difference between all three ap-
proaches is not significant, because, all three approaches exhibit comparable trends
of the relation between the pick-up flux and depth-averaged flow velocity (Figure
8.15).

8.4. Influence flow conditions
This section describes the influence of the depth-averaged flow velocity, bed shear
stress and density of the eroding flow on the erosion velocity and pick-up flux, as
derived on the basis of approach (1b) (Section 8.3).

8.4.1. Depth-averaged flow velocity
Figure 8.17 shows the influence of the depth-averaged flow velocity on the erosion
velocity and pick-up flux for all sand types for a density of the eroding flow be-
tween 1060 and 1205 kg/m3. The erosion velocity, the vertical velocity with which
the erosion front moves down, has been derived from the measurements with the
conductivity probes (see Section 6.3.2). The effective pick-up flux is based on the
erosion velocity and estimated settling flux during erosion (see Section 8.3). Figure
8.17 shows that the pick-up flux increases at an increasing depth-averaged flow ve-
locity. Apparently the pick-up flux increases more than the sedimentation flux at
increasing depth-averaged flow velocity, because the results of the experiments show
that the erosion velocity increases at increasing depth-averaged flow velocity. The
increase of the pick-up flux at an increasing depth-averaged flow velocity is caused
by the increasing velocity in the vortices close to the top of the sand bed, resulting
in higher turbulent normal stresses on top of the sand bed.

8.4.2. Bed shear stress
Figures F.1a, F.1c, F.1e and F.1g show an influence of the relative density of the
sand bed on the pick-up flux for all sand types. This effect, however, is not visible
when the pick-up flux is compared to the bed shear stress. This effect can be
explained by the effect of the pick-up flux on the concentration gradient (Figure
8.18) and resulting influence on the bed friction coefficient as depicted in Figure
8.19 and Figure E.2 (Appendix E).

Figure 8.18 shows the influence of the pick-up flux on the concentration gradient
just above the top of the sand bed. An increasing pick-up flux causes a decrease of
the concentration gradient, hence an increase of the density just above the eroding
bed. In accordance with Figure 7.8 an upper envelope of the relation between the
concentration gradient and pick-up flux is visible. This envelope represents the
resulting minimum concentration above the eroding front as a result of the pick-up
flux, turbulence intensity (flow velocity), density eroding flow and settling velocity
of the grains. The irregular character of the erosion process causes a highly variable
concentration gradient above the erosion front and hence temporarily increasing the
concentration above the eroding front, corresponding to a decreasing concentration
gradient.
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Figure 8.17: Erosion velocity and pick-up flux as function of the depth-averaged flow velocity,
bed shear stress and relative density (density eroding flow between 1060 and 1205 kg/m3). These
figures are also presented on a larger scale in Appendix F
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Figure 8.18: Concentration gradient over 0.01 m and 0.02 m above erosion front as function of the
pick-up flux for all experiments: (a) and (b) and concentration gradient above erosion front for
all experiments with an average density of the eroding flow of less than 1205 kg/m3: (c) and (d).
All figures are based on experiments with a relative density of the sand bed larger than 0%: Note
negative values for the concentration gradient are not shown and the scale of the vertical-axes of
the left and right figures are not equal

Figures 8.18a and 8.18b show the influence of the density of the eroding flow
on the concentration gradient. A higher density of the eroding flow leads to a
lower concentration gradient, because the vertical transport of the eroded grains is
influenced and hindered by the density of the eroding flow. This results in a relative
high density and thus a relative low concentration gradient of the eroding flow close
to the eroding bed in comparison with erosion with an eroding flow of low density.

An increasing pick-up flux causes a decrease of the concentration gradient just
above the non-eroded sand bed (see Figure 8.18), hence leading to a larger density
of the eroding fluid just above the non-eroded sand bed. This effect causes an
increase of the bed friction coefficient (Figure 7.8) and resulting bed shear stress.
The increase of the bed friction coefficient as a result of an increasing pick-up flux
is confirmed by Figure 8.19, showing the bed friction coefficient as function of the
pick-up flux.

Besides the effect of the concentration just above the non-eroded sand bed on
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Figure 8.19: Relation between bed friction and pick-up flux as derived from the experimental
results for all experiments (a) and for the experiments with a density of the eroding flow between
1050 and 1205 kg/m3 (b)

the bed friction, an increasing pick-up flux causes an increase of the energy loss due
to the larger bulk of eroded sand which must be accelerated. This second effect
causes an extra increase of the bed friction at constant flow velocity.

The effect of the pick-up flux on the bed shear stress can also be derived from
Figure 8.17. The relation between the pick-up flux and depth-averaged flow velocity
shows an influence of the relative density on the pick-up flux. However, this effect
disappears when the pick-up flux is compared to the bed shear stress. Obviously
the effect of a lower relative density, leading to a higher pick-up flux and higher bed
friction, is compensated by the increase of the bed shear stress as a result of the
higher pick-up flux. This underlines the mutual effect of the depth-averaged flow
velocity and pick-up flux on the effective bed shear stress or friction loss along the
eroding bed. Both flow velocity and resulting pick-up flux influence bed friction
and hence the effective bed shear stress. This means that the effective bed shear
stress does not determine the pick-up flux, as assumed in numerous models, but it
is determined by the depth-averaged flow velocity and resulting pick-up flux.

8.4.3. Influence depth-averaged density eroding flow
Figure 8.20 shows that the effect of the depth-averaged density of the eroding fluid
on the erosion velocity and pick-up flux is negligible. However, the relation between
the pick-up flux and bed shear stress shows a small influence of the density of the
eroding flow on the pick-up flux. This is the result of the same effect as described
in the relation between the pick-up flux, depth-averaged flow velocity and bed shear
stress (see Section 8.4.2). The absence of the effect of the depth-averaged density of
the eroding fluid on the pick-up flux deviates from the concept of hindered erosion,
as described in Section 4.8. This could be explained by the fact that the pick-up flux
is determined on the basis of the erosion velocity and the sedimentation flux, deter-
mined by the near-bed concentration instead of the depth-averaged concentration of
the flow. However, the approach to determine the pick-up flux on the sedimentation
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Figure 8.20: Erosion velocity and pick-up flux as function of the flow velocity (relative density
sand bed between 20 and 60%) and density of the eroding flow

flux, based on the depth-averaged concentration, also does not show any influence
of the density of the eroding flow. This shows that according to the results of these
experiments the effect of hindered erosion, seems not to exist.

8.5. Influence of properties sand bed
It was expected that bulk properties as relative density and permeability influence
the pick-up flux at flow velocities of more than 1 m/s. This section describes the
influence of these bulk properties of the sand bed on the pick-up flux on the basis
of the results of the experiments.

8.5.1. Relative density of sand bed
Figures F.1a, F.1c, F.1e and F.1g show the influence of the relative density on the
pick-up flux for all sand types. This gives an indication that the erosion process
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at these flow conditions is influenced by the bulk properties of the sand bed. The
pick-up flux at a relative density of more than 60% is lower than the pick-up flux at
a relative density lower than 60%. The strongest effect of the relative density of the
sand bed on the pick-up flux is shown by the finest sand type (Silverbond: d50 =
52 µm), while the effect of the relative density on the pick-up flux for the coarsest
sand type (Dorsilit: d50 = 561 µm) is negligible. This is an indication that not only
the relative density affects the pick-up flux but also the permeability (see Section
8.5.2).
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Figure 8.21: Erosion velocity and pick-up flux as function of the depth-averaged flow velocity, bed
shear stress and relative density for Silverbond sand with a relative density higher than 0% (density
eroding flow between 1070 and 1150 kg/m3)

The experiments on Silverbond sand (d50 = 51 µm) were also executed with
a relative density of the sand bed of just below 0%. The figure shows that at this
condition (Rn < 0%), the pick-up flux is relative high and highly variable, influencing
the overall relation between the erosion velocity, pick-up flux and depth-averaged
flow velocity. Due to the effect of the relative density, which was lower than the
minimum density, no or almost none dilatancy will have taken place during erosion,
causing almost none or no inflow of water into the sand bed during erosion and no
or almost no influence of the bulk behavior. The grain by grain erosion regime will
have prevailed in case of these low relative densities. Also due the extremely low
density the angle of internal friction between the grains will have been very low and
the susceptibility for liquefaction is larger, reducing the shear resistance of the sand
bed. Both effects result in a relative high pick-up flux. When the results of the
experiments with a relative density of less than 0% are omitted (Figure 8.21) from
the results the reduction of the pick-up flux at a higher relative density (> 60%) is
also recognized in case of Silverbond sand.

8.5.2. Permeability
Figure 8.22 shows the influence of the grain size on the relation between the ero-
sion velocity, pick-up flux and the depth-averaged flow velocity. The finest sand
shows lower erosion rates and pick-up fluxes than the coarser sand types. The three
coarsest sand types show a comparable relation between the erosion velocity, pick-
up flux and depth-averaged flow velocity. Only at depth-averaged flow velocities of
more than 4 m/s there is tendency that the coarsest sand type has a higher pick-up
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flux than Geba and Zilverzand sand. The effect of the grain size shows implicitly
the influence of the permeability on the pick-up flux. The finest sand type has the
lowest permeability, leading to larger pore water under pressures and hence a larger
reduction of the depth of the shear plane in comparison with the three coarsest sand
types.
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Figure 8.22: Erosion velocity and pick-up flux as function of the depth-averaged flow velocity for
all sand types with a relative density of the sand bed larger than 0 and a density of the eroding
flow of less than 1205 kg/m3

The above mentioned effect is also confirmed by Figure 8.23, showing the influ-
ence of the relative density and grain size on the relation between the pick-up flux
and depth-averaged flow velocity for Silverbond sand (d50 = 52 µm).

8.6. Model pick-up flux
This Section describes the characteristics of the erosion process in order to develop
an analytical pick-up function (Section 8.6.1). Section 8.6.2 describes the basic
approach of the developed pick-up function. This analytical function incorporates
the influence of turbulent normal wall stresses and the resistance of a sand bed to
a normal stress including the effect of dilatancy and effect of inertia (Section 8.6.3
and 8.6.4. The final model is summarized in Section 8.6.5 and validated with the
results of the erosion experiment in Section 8.6.6.

8.6.1. Physics erosion process
Figure 8.1 shows that the erosion process is determined by ejections and sweeps
of vortices hitting the top of the sand bed (’bursting’) as a result of the turbulent
behavior of a flow. These bursts cover part of the sand bed and cause erosion. This
process of pick-up is divided in two phases:

• sweeps locally inducing turbulent normal wall stresses on the top of the sand,
resulting in the shearing of lumps of sand;

• ejections causing entrainment of grains into the main flow.
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Figure 8.23: Pick-up flux as function of the depth-averaged flow velocity and grain size at a different
relative density (Rn) for all experiments with a density of the eroding flow of between 1060 and
1205 kg/m3. These figures are also presented on a larger scale in Appendix G

The existence of sweeps endorses the fact that erosion is not caused by the
shearing of layers of sand over the whole surface, but is dominated by local shearing
of lumps of sand. As a result of the sweeps a zone of the sand bed is locally
subjected to turbulent normal wall stresses causing contraction of part of the sand
bed resulting in excess pore water pressures and liquefaction. This zone is relative
small at a high relative density (Figure 8.24a) in comparison with sand with a low
relative density (Figure 8.24b), because sand with a low relative density has a larger
tendency for contraction in comparison with sand with a larger relative density.
From this contractive zone a lump of sand is sheared, causing dilatancy.
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Figure 8.24: Erosion process as determined by ejections and sweeps in case of sand with a high
relative density (a) and low relative density (b)
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The results of the experiments underline these visual observations. The results
show that an increase of the relative density leads to a decrease of the pick-up flux.
This influence can be explained by two effects of the relative density on:

• the effect on the resistance to shear: an increase of the relative density leads
to a decrease of the pick-up flux, because an increasing relative density leads
to an increase of the angle of friction and thus increasing resistance to shear.
This results in smaller sheared lumps of sand and thus a lower pick-up flux;

• the effect on dilatancy: a higher relative density increases dilatancy. As a
result of dilatancy during shearing the porosity of the sand bed in the sheared
zone increases from the in-situ porosity (ni) to at least the critical porosity
(ncrit), causing pore water under pressures. The critical porosity is lower than
the maximum porosity and depends on the effective stress. A larger difference
between the in-situ porosity and the critical porosity leads to a larger volume
increase and hence larger pore water under pressures. This results in a larger
effective stress and increase of the resistance to shear and thus a lower pick-up
flux.

The existence of contraction and dilatancy endorses also the effect of the perme-
ability of the sand bed on the erosion process. Sand with a relative high permeability
shows relative small zones of liquefaction, because the permeability will enhance the
decrease of excess pore water pressures, resulting in lower excess pore water pres-
sures and a smaller liquefied zone. In the dilative zone the permeability plays also
a role. Dilatancy results in pore water under pressures, increasing the resistance to
shear. A relative low permeability induces relative large pore water under pressures
giving a relative large increase of the resistance to shear and smaller lumps of sand
which can be sheared, resulting in a lower pick-up flux. The effect of the permeabil-
ity is shown in Figure 8.22b. The sand type with the smallest grain size and thus
the lowest permeability, has a lower pick-up flux than the coarser sand types at a
corresponding depth-averaged flow velocity.

Part of the flow in the sweeps moves in opposite direction of the main flow
along the bed, causing ejections. These ejections entrain part of the grains into
suspension (see Figure 8.2), while part of the grains is re-sedimented by sweeps of
consecutive vortices hitting the top of the sand bed. When the pick-up flux exceeds
the re-sedimentation flux net erosion takes place. The results of the experiments are
corrected for this effect. Using this correction for the determination of the pick-up
flux shows that the depth-averaged density of the eroding flow does not significantly
influence the relation between the pick-up flux and depth-averaged flow velocity. The
effect of hindered erosion is not visible. The concentration or density of the flow
close to the bed influences the erosion velocity and thus the determination of the
pick-up flux from the erosion experiments. The concentration of the grains in the
main flow hardly influences the pick-up flux.

8.6.2. Basic approach
The erosion process is determined by the shearing of lumps of sand as a result of
normal wall stresses cause by turbulent fluctuations. The first attempt to describe
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the resistance to shear as a result of a normal stress by a strip load was based on the
classical earth pressure theory of Rankine. Pauker (1889) was the first describing
the resistance to shear as a result of a normal stress by a strip load and assumed
that the failure zone is determined by the resistance of two separate wedges (see
Figure 2.8a). This model underestimates the actual resisting shear, because the
actual failure zone is considered to be bounded by curves instead of two straight
surfaces, introducing a shorter failure zone. Besides it neglects the shear stress
acting between wedge I and wedge II (Lambe and Whitman, 1969). Other solutions
following a more curved shape, like the solution of Prandtl (Prandtl, 1921), give
a better description of the actual resisting shear resistance against a normal stress
(see Figure 2.8b). However the solution of Rankine was used in order to determine
the pick-up flux, because the shape of the shear planes during erosion show a better
agreement with the wedges of Rankine than the spiral shear planes according to
Prandtl. These shear planes have a more prolongated shape than the actual shear
planes. Both models do not have the same solution, but the influence of the internal
angle of friction on the resistance to a normal stress is comparable.

As long as the relative density is larger than 0, shearing causes dilatancy, re-
sulting in pore water under pressures. This increases the effective stress and thus
the shear resistance. This effect has been incorporated in the model according to
the approach of van Rhee (2010). The third effect taken into account is the effect
of inertia. The eroded mass of grains needs to be accelerated to the flow velocity
above the bed during the time between two consecutive sweeps.

Summarizing, in order to determine the pick-up flux at high flow velocities, the
following sub-models are used:

• Driving mechanism: turbulent normal wall stress on the sand bed as a result
of turbulent bursts;

• Resisting mechanism:

– shear resistance of a shear plane to a vertical stress on a sand bed;
– effect of pore water pressure in the dilating shear plane on the shear
resistance;

– effect of inertia: accelerating the bulk of eroded grains;

• Resulting pick-up flux: based on the time between turbulent bursts and area
covered by these bursts.

The effect of liquefaction is neglected in the model.

8.6.3. Driving mechanism: turbulent normal wall stress
The turbulent normal wall stress on the sand bed (p′) as a result of the turbulent
bursts is determined by the vertical velocity in the sweeps (ŵ) close to the sand bed.
As described in Section 8.3.1 the average vertical velocity in sweeps is approximately
0.5 · U . As already mentioned, failure of lumps of sand will not take place over the
whole area of the sweeps. Only part of the sand bed below a sweep fails. The most
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probable location in the sweeps is the location with the maximum vertical velocity,
causing the highest turbulent normal wall stress. In determining the turbulent
normal wall stress, it is considered that the maximum vertical velocity in the sweeps
causing erosion is of the same order of magnitude of the depth-averaged flow velocity.
The turbulent normal wall stress on the sand bed, causing erosion, is considered to
be equal to:

p′ = 0.5 · ρw · ŵ2 (8.7)

Figure 8.25 shows the turbulent normal wall stress on the sand bed as determined
with Equation (8.7), compared to the result of Equation (3.13) as determined by
Blake (1970) on the basis of experiments. Because these measurements are based
on the average turbulent normal wall stress below a sweep, the turbulent normal
wall stress calculated with Equation (8.7) is based on 0.5 · U instead of U . The
experiments of Blake (1970) were executed at depth-averaged flow velocities up to
50 m/s along smooth and rough walls. Comparison of Equation (8.7) and (3.13)
shows that the approach according to Equation (8.7) gives higher values for the
turbulent normal wall stress than the approach of Blake (1970). In order to receive
a comparable turbulent normal wall stress, the average vertical velocity in the sweeps
should be lowered to 0.35 ·U . Regarding the experiments of Blake (1970), it should
be noted that these experiments were based on much higher depth-averaged flow
velocities than during the present erosion experiments, while the experiments of
Blake (1970) were also based on a non-eroding smooth or rough surface.
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Figure 8.25: Comparison of turbulent normal wall stress as derived according to Blake (1970) and
Equation (8.7)

8.6.4. Resisting mechanism
Shear resistance
It is considered that the turbulent normal wall stresses cause shearing of wedges of
sand. The resisting force of these wedges is based on the classical earth pressure
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theory of Rankine. Considering sand has no cohesion the vertical resistance of a
cohesion less material (Lambe and Whitman, 1969) is, see Figure 8.26:

σp = 0.5 · g · (ρi − ρw) ·B ·Nγ (8.8)

in which B
2 is the width of the top of wedge I shearing as a result of the vertical

stress σp and Nγ is defined as:

Nγ = 0.5 ·
[(

1 + sinφ

1− sinφ

)5/2
−
(

1 + sinφ

1− sinφ

)1/2
]

(8.9)

The depth of the shear plane (hs) is (Lambe and Whitman, 1969):

hs = B

2 · tan (π/4 + φ/2) (8.10)

The angle of friction is based on (see also Equation (2.16):

φ = 33− 3
Cu

+
(

15− 4
Cu

)
·Re (8.11)

This empirical equation relates the relative density (Re) and uniformity coeffi-
cient (Cu = d60/d10) to the internal angle of friction.

 

wedge I 

σp 

45 + φ/2 

wedge II 

45 - φ/2 

hs 

B/2 W 

Figure 8.26: Depth and width of wedges as based on the classical earth pressure theory of Rankine
(Lambe and Whitman, 1969)

The width (W) of wedge II can be derived from Figure 8.26:

W = hs · tan (π/4 + φ/2) (8.12)

Assuming a 2-dimensional shape of the wedge, the volume of the total wedge
(m3/m) is:
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Aw = 0.5 ·
(

1
2 ·B · hs +W · hs

)
(8.13)

Effect dilatancy
In case the in-situ porosity exceeds the critical porosity, shearing will induce dila-
tancy. The porosity of the sheared zone increases to the critical porosity (ncrit).
The critical porosity depends on the effective stress and type of sand. van Rhee
(2010) has used nmax as the best estimate ncrit. van Rhee (2010) has assumed this
as reasonable, because the porosity has to increase to a porosity above the critical
porosity in order to make it possible for the flow to pick-up the grains.

The increase of the pore volume results in an inward hydraulic gradient, hence
increasing the effective stress. This increases the shear resistance and decreases the
depth of the sheared wedge of sand (hs). The hydraulic gradient during erosion
matches (van Os and van Leussen, 1987), (van Rhee, 2010) 1:

i = ve
kmax

· nmax − ni1− nmax
(8.14)

Equation (8.14) assumes that the deformation in the sheared zone, as a result
of dilatancy, is continuous. The theory of Rankine is based on shearing along a
distinctive dilating failure zone of the wedges. However, the wedge above this failure
zone will also dilate in order to be picked up by the flow, resulting in continuous
deformation. The vertical velocity (ve) can be compared with the horizontal or
active wall velocity, propagation velocity of a vertical wall of sand, in dredging
practice (Section 4.5). A measure for this vertical velocity is: hs/TB . A measure
for the mean bursting period for open channel flow is (Nezu and Nakagawa, 1993):

TB · U
hf

= (1.5− 3.0) (8.15)

The effect of the inward hydraulic gradient on the increase of the shearing resis-
tance can be incorporated in Equation (8.8):

σp = 0.5 · [g · (ρi − ρw) + i · ρw · g] ·B ·Nγ (8.16)

The depth of the wedge (hs) can be determined combining Equations (8.16) and
(8.10):

hs = p′ · tan (π/4 + φ/2)
Nγ · g · (ρi − ρw + i · ρw) (8.17)

1Equation (8.14) can be rewritten as function of ki. Using the adapted Kozeny-Carman equation,
see Equation (2.9), for the quotient between the in-situ permeability and the permeability at the
maximum porosity, leads to:

ki
kmax

= n3
i ·(1−nmax)2

(1−ni)2·n3
max

Using this expression and assuming ni = 0.4 and nmax = 0.5, changes the expression for
i in i = ve/ (14 · ki).
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It should be noted this is an implicit equation because the inward gradient (i)
depends on the depth of the wedge (hs). Equations (8.14), (8.15) and (8.17) can be
solved iteratively.

Effect of inertia
Inertia influences the pick-up flux, because the sheared grains need to be accelerated
to the depth-averaged flow velocity above the bed (van Rhee, 2010), assuming the
grains will be fully suspended after pick-up. The extra stress (σa) to be exerted by a
sweep on the sheared mass (m) in order to accelerate this mass to the depth-averaged
flow velocity above the bed can be determined by:

σa = m · a
Asw

(8.18)

in which a is the acceleration of the shear mass and Asw is equal to the surface
area of the sweep leading to shearing of a lump of sand. The total mass (m) of the
lump of sand per unit of bed area to be accelerated is equal to:

m

Asw
= Aw · L

Asw
·ρs·(1− ni) = 0.5 · (B/2 · hs +W · hs) · L

(B/2 +W ) · L ·ρs·(1− ni) = hs
2 ·ρs·(1− ni)

(8.19)
in which L is the length of the sheared mass perpendicular to the direction of

the flow. The acceleration of the sheared mass depends on the depth-averaged flow
velocity and the mean bursting period:

a = U

TB
(8.20)

8.6.5. Resulting pick-up flux
Sections 8.6.3 and 8.6.4 show the description of the main steps in the determination
of the pick-up flux, considering that the turbulent normal wall stress (p′) should
exceed the shear resistance of a lump of sand (σp) and the extra stress to accelerate
the grains of the sheared mass (σa). These steps are combined in order to determine
the pick-up flux as function of the depth-averaged flow velocity. This gives the
following expression for the pick-up flux (E):

E =
Aw

B/2+W · λb · (1− ni) · ρs
TB

(8.21)

Using Equation (8.13) this equation can be rewritten as:

E = 0.5 · hs · λs · (1− ni) · ρs
TB

(8.22)

in which λs is the averaged area of all sweeps per unit of bed area. This area
is considered as 0.5 · λb. The mean bursting period is based on Equation (8.15).
Because p′ = σp + σa the depth of the shear plane (hs) is:
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hs = (p′ − σa) · tan (π/4 + φ/2)
Nγ · g · (ρi − ρw + i · ρw) (8.23)

This is an implicit equation, because the inward gradient (i) and extra stress
to accelerate the eroded mass (σa) depend on the depth of the shear plane (hs).
However, this equation can be solved iteratively.

8.6.6. Validation of model
The model to determine the pick-up flux needs an estimate of the vertical flow
velocity in the sweeps (ŵ), the area of all sweeps per unit of bed area (λs) and the
constant in Equation (8.15) determining the mean bursting period. Comparison of
the model with the data of the experiments as presented in Figure 8.28 shows that
the model has the best correlation with the data in case of:

• a vertical flow velocity in the sweeps equal to the depth-averaged flow velocity
(ŵ = 1.0 · U);

• turbulent bursts hitting the top of the sand bed over the whole bed area (λb
= 1.0);

• a dimensionless mean bursting period (TB · U/hf ) of 1.5.

The value used for the factor λb means that the top of the sand bed is totally
covered by turbulent bursts, in which the sweeps cause a vertical load on the sand
bed, while the ejections transport the grains in vertical direction. It is considered
that a sweep causes shearing of consecutive lumps of sand, while the sweeps travel
in horizontal direction over the top of the sand bed. This explains why the width of
the shear planes (0.001 m to 0.020 m) as determined by Equations (8.8) and (8.12) is
much smaller than the dimensions of the sweeps and ejections (length of the bursts
is 0.05 m to 0.10 m). as described in Section 8.2. Considering the sweeps cover half
of the surface of the bursts, the calculated width of consecutive wedges, sheared as
a result of the turbulent normal wall stresses, is a factor 10 to 20 smaller than the
total length of the bursts.

 

 

 

 

 

  

0,03 - 0,05 m 

length wedges 
0,001 - 0,020 m 

direction of 
movement 

sweeps 

Figure 8.27: Sweeps causing the shearing of multiple separate wedges

(Nezu and Nakagawa, 1993) have considered that the average vertical velocity
(w) in a sweep is approximately 0.25 · U . However, due to vorticity the vertical
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Figure 8.28: Pick-up flux as function of the depth-averaged flow velocity for different sand types
and relative density for all experiments with a density of the eroding flow of between 1060 and
1205 kg/m3 compared to the pick-up flux model. These figures are also presented on a larger scale
in Appendix H

flow velocity in the sweep will not be constant over its surface. It is considered that
the eddies roll over the top of the sand bed and that the wedges are sheared at the
location with the highest flow velocity in the sweep and moves in horizontal direction
over the top of the sand bed (see Figure 8.27). The depth-averaged flow velocity in
horizontal direction is chosen as a measure for the time-averaged maximum vertical
flow velocity in the sweep.

Figure 8.28 shows a comparison between the calculated pick-up flux with the
model developed and the results of measurements of the pick-up flux as function
of the depth-averaged flow velocity and the relative density. The soil parameters
of the different sand types are based on the properties as presented in Section 5.4.
The angle of internal friction is based on an empirical relation between the relative
density and the angle of internal friction, see Equation (8.11). The effect of the
relative density on the permeability is determined with the help of Equation (5.7).
The results of the permeability experiments are used to determine the value of Ck
(Table 5.2). The calculated pick-up flux for each range of the relative density is
based on the average relative density of this range.

At a relative density of 0 to 20 % the model overestimates the pick-up flux for
the two coarsest sand types (262 and 562 µm). At a relative density of more than
20 % the model gives a rather accurate prediction of the pick-up flux.

Figure 8.29 shows the influence of the relative density on the pick-up flux per
sand type compared to the results of the model as described above. Despite the
variation of the results of the erosion experiments, the data show a rather adequate
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Figure 8.29: Pick-flux as function of the depth-averaged flow velocity per sand type at varying
relative density for all experiments with a density of the eroding flow of between 1060 and 1205
kg/m3 compared to the pick-up flux model

correspondence with the results of the erosion experiments.
The model does not take into account the effect of liquefaction as described

in Section 8.2.2. This effect will lead to excess pore water pressures in the sand
bed, resulting in a decreasing resistance against shear. Especially sand with a low
permeability and low relative density is susceptible for liquefaction.

The applicability of the model is based on Figure 8.30. This figure shows the
quotient of the thickness of the sheared wedges, as calculated by the pick-up flux
model, and the grain size as function of the depth-averaged flow velocity. Con-
sidering, that sand can be described by its bulk properties, when the thickness is
more than 10 times the average grain size, the model developed is applicable from
a depth-averaged flow velocity of 1 to 2 m/s, depending on the relative density and
permeability of the sand.

Bisschop et al. (2016) concluded that the pick-up function of van Rhee (2010)
is consistent with the results of the experiments of Bisschop (1993) and the results
of the first series of experiments of this study. This pick-up function gives the best
prediction of the pick-up flux in comparison with the other existing models in the
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Figure 8.30: Relative thickness of sheared wedges (hs/d50) as function of the depth-averaged flow
velocity

dilatancy reduced erosion regime, as described in Section 4.5.1. Figure 8.31 gives a
comparison of the pick-up function of van Rhee (2010) with the developed pick-up
function and the data of the second series of experiments. The pick-up function of
van Rhee (2010) needs an estimate of the bed shear stress. The bed shear stress
was determined on the basis of Equation (7.10). Figure 8.31 shows that the pick-up
function of van Rhee (2010) gives a rather accurate prediction of the pick-up flux for
the two finest sand types (Silverbond and Geba), while this function overestimates
the pick-flux for the two coarsest sand types (Zilverzand and Dorsilit). As mentioned
the pick-up function of van Rhee (2010) needs an estimate of the bed shear stress
and is therefore sensitive for the method on which the bed shear stress is determined.
The present developed pick-up function misses this disadvantage.

8.6.7. Practical application: erosion during breaching of
sand dikes or embankments

This section describes the practical application of the knowledge developed, to give
more understanding into the relevance of the erosion process in case of breaching
of a sand dike. Dikes have failed in the past all over the world and will continue
to do so in the future (Lemmens et al., 2016). Failure of a dike happens mainly
during high river or sea levels. In most cases sand dikes are protected by a cover
of clay and grass or revetment. In case this cover fails, a dike starts to breach. A
major breach can form within a few hours after the failure of the protective cover
(Visser, 1998). Water enters the polder and the area will be inundated. This flooding
causes casualties and economic damage. The amount of casualties depends on the
inundation rate of the polder (Jonkman, 2007). This inundation rate depends on
the rate of the growth of the dimensions of the breach, the water level difference
between the sea and/or river and the polder and the size of the polder.

Bisschop et al. (2010) compared the pick-up function of van Rhee (2010), valid
in the dilatancy reduced erosion regime, with the measurements of the development
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Figure 8.31: Comparison of the developed pick-up function and pick-up function of van Rhee (2010)
per sand type at varying relative density for all experiments with a density of the eroding flow of
between 1060 and 1205 kg/m3
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of the breach width during the Zwin’94 experiment (Visser, 1998). The Zwin’94
experiment was executed in 1994 in the Zwin channel, a tidal inlet at the Dutch-
Belgian border connecting the nature-reserve ’Het Zwin’ with the North Sea. The
data of this experiment have been used to calibrate a model for breach development
(Visser, 1998). Use of the pick-up function of van Rhee (2010), including the effect
of dilatancy reduced erosion and thus the effect of the porosity and permeability,
improved the prediction of the development of the breach width in time.

Reduction of the inundation rate can be achieved by retarding the breaching
process. This reduces the number of casualties, resulting in an increasing safety for
the inhabitants. Lemmens et al. (2016) have studied the effect of adding bentonite
to sand on the pick-up flux and retardation of breaching. Adding bentonite to sand
leads to a reduction of the permeability, while the strength characteristics of the
material remains constant. Adding a mass percentage of 2.4% bentonite reduces the
permeability with a factor 6 in comparison with the same sand without bentonite.
As a result the pick-up flux showed a reduction with a factor 10 in comparsion with
sand without bentonite. Calculations with the breach model, as developed by Visser
(1998), has shown that in case of adding 2.4 % bentonite to sand, the inundation
velocity reduces with a factor 2. This results in a decreased mortality rate.

Foortse (2016) has extended the range of the erosion experiments as executed
by Lemmens et al. (2016). The erosion experiments of Lemmens et al. (2016) were
executed on sand with a maximum mass percentage of added bentonite of 2.4% and
a maximum depth-averaged flow velocity of 1.1 m/s. The experiments of Foortse
(2016) were executed up to a depth-averaged flow velocity of 2.2 m/s, while the
maximum percentage of bentonite was 6.0%. Direct shear tests have revealed that
up to a bentonite percentage of 6% the strength characteristics (angle of internal
friction and cohesion) of the sand remains unaltered. This effect has been supported
by the results of the determination of the Atterberg limits. Up to a mass percentage
of 6% bentonite, the plastic limit could not be determined. This has confirmed that
the material at this amount of added bentonite still can be described as non plastic,
behaving as a granular material.

While the shear tests have shown no influence on the strength characteristics, the
added bentonite influenced the permeability. A percentage of 6% bentonite reduces
the permeability with a factor of 100 in comparison with sand without bentonite
(Figure 2.4). This effect has leaded to a reduction of the pick-up flux with a factor
10 to 20 in comparison with sand without bentonite (Figure 4.16). A case study has
shown that an increase of the safety level by a factor of 10 can be achieved using
sand-bentonite mixtures in the core of the dike. However, it should be noted that
the amount of bentonite in order to achieve such a reduction depends on the size of
the polder (Foortse, 2016).

This means that when a new dike is build with sand the height and dimensions
of the dike can be reduced, in comparison with a dike build of ’normal’ sand, when
the permeability of the sand is reduced by an additive like bentonite. The results of
the experiments and calculations of Lemmens et al. (2016) and Foortse (2016) have
shown that a higher safety level can be reached in comparison with a dike of the
same dimensions build with sand without additives. It should be considered there
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is a maximum mass percentage of the bentonite or other clay-type additive in order
to remain the strength characteristics of the sand in the dike. Reduction of the
amount of space necessary for the construction of a dike can be reached when a dike
is build with sand and additive in comparison with a dike build of ’normal’ sand.
This could be an option when the space available for the construction of a dike is
limited due to existing buildings and/or other constructions. In case a present sand
dike should be improved and space is limited for increasing the height and/or width
of the dike, improving the dike by reducing the permeability is an option to improve
the dike.

8.7. Discussion
Initiation of motion of sand grains takes place when the critical Shields parameter
is exceeded by the flow conditions. At this condition grains start to move along the
sand bed by saltation, rolling or shearing. The level of the sand bed does not change.
The grains are not entrained into the main flow. Pick-up starts at the moment when
grains are entrained into the main flow and the top of the sand bed moves down.
Pick-up starts as grain by grain erosion and will develop in dilatancy reduced erosion
as the flow velocity and resulting bed shear stress increase. During dilatancy reduced
erosion, it is considered thin layers of sand are sheared in horizontal direction before
they are eroded. In this regime the turbulent bursts are considered not to be strong
enough to shear lumps of sand. However, it could be the case that at these flow
velocities, turbulent bursts already influence the erosion process.

At depth-averaged flow velocities of more than 1 to 2 m/s, the impact of turbulent
bursts increases and causes shearing of lumps of sand: turbulence induced erosion.
These bursts consist of vortices traveling close to the top of the sand bed. The
sweeps of these vortices hit the top of the sand bed, causing shearing of lumps of
sand. These lumps are disintegrated and (partly) transported to the main flow by
ejections. However, not all grains reach the main flow, part of the eroded grains
are re-sedimented by sweeps of the next vortices. This behavior forms the basis of
the new developed model in determining the pick-up flux. The model incorporates
the effect of shearing of lumps of sand by turbulent bursts, the effect of dilatancy
resulting in pore water under pressures in the sand bed and the effect of inertia.

However, the model does not take into account the effect of liquefaction, as a
result of the impact of consecutive turbulent bursts. The relative density of the sand
bed influences this effect. In case of loosely packed sand, contractive behavior was
experienced during the experiments on the finer sand types, increasing the sensitivity
for liquefaction. The effect was larger in fine sand in comparison with coarse sand.
The impact of the turbulent bursts, cause temporarily excess pore water pressures.
In case of a low permeability, consecutive turbulent bursts will lead to liquefaction of
(part) of the sand bed. Due to the low permeability the excess pore water pressures
decrease hardly between consecutive turbulent bursts. In case of sand with a high
permeability, the temporarily excess pore water pressures will be dissipated between
consecutive bursts, leading to a small and local liquefied zone of sand. This effect
had not yet been incorporated in the pick-up flux model. In practice this effect will
be less strong, because normally sand has a rather high relative density, reducing
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the sensitivity for liquefaction significant.
Liquefaction will reduce the resistance against shear. The present pick-up flux

model is calibrated on the data of the experiments mainly on the basis of a fit
of the factor λB . The results of the present calibration of the model developed,
have showed that the factor λB is equal to 1.0. It is expected that if the effect of
liquefaction is taken into account in the pick-up flux model, the value of this factor
will be lower and more realistic.

Besides the effect of liquefaction, the present model does not take into account
the effect of the water pressure at the top of the sand bed. In case of drained
behavior this water pressure will cause a flow in the sand bed dragging the grains
in the direction of the ejections.

The description of the erosion process have made it possible to improve the de-
termination of the pick-up flux from the erosion experiments. In order to determine
the pick-up flux from the results of the experiments, the sedimentation flux should
be known. The sedimentation flux influencing the effective pick-up flux depends on
the near-bed concentration. However, the level at which the near-bed concentra-
tion is determined, should be known. Sweeps, following directly behind a preceding
ejection, influence re-sedimentation. Consequently the resulting sedimentation flux
is determined by the average concentration of grains over the height of the vortices
close to the top of the sand bed. Visual observations during the erosion experiments
showed that these vortices have a height of 0.02 to 0.03 m and a length of 0.05 to
0.10 m. On the basis of these observations it was decided to determine the sedimen-
tation flux on an average near-bed concentration over a height of 0.03 m above the
sand bed.

The results of the experiments show the influence of the relative density and
permeability of the sand bed on the pick-up flux. This substantiates the fact that
the erosion process is influenced by the bulk properties of the sand bed. Besides
the results of the experiments showed no influence of the average density of the
eroding flow on the pick-up flux. This is caused by the fact that during erosion the
effective pick-up is reduced by the effect of sedimentation of the grains in the layer
just above the top of the sand bed (near-bed concentration). The results of the
erosion experiments are corrected for this process, resulting in the determination
of the pick-up flux (E). The grains which are transported through this are kept
in suspension and as long as the transport capacity of the flow is not reached the
average density of the concentration above this layer does not influence the pick-up
flux.

The pick-up flux depends also on the depth-averaged flow velocity and bed shear
stress. The relation of the pick-up flux with the depth-averaged flow velocity showed
the influence of the mentioned bulk properties of the sand bed. However the influ-
ence of these bulk properties vanished partly when the pick-up flux was compared
to the bed shear stress. This is the result of the influence of the near-bed concentra-
tion on the bed shear stress. An increasing bed concentration leads to an increase
of the bed friction coefficient. The near-bed concentration however, depends on the
pick-up and sedimentation flux. This means that an increasing pick-up flux, as a
result of for instance a low relative density, leads to an increase of the bed shear
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stress. The effect causes that the effect of the bulk properties on the pick-up flux
is compensated by an extra increase or decrease of the bed shear stress, causing a
vanishing influence of the bulk properties on the relation between the pick-up flux
and bed shear stress. This emphasizes that the bed shear stress is not the driving
mechanism for the pick-up of grains, but the bed shear stress is the result of the
flow velocity, pick-up and sedimentation flux.

Pick-up functions in the grain by grain and dilatancy reduced erosion regime
use the average bed shear stress as driving mechanism for the determination of the
pick-up flux. The approach in the turbulence induced erosion regime is different. It
is considered that the bed shear stress actually does not exist in this regime, but the
bed shear stress is a measure for the energy losses as a result of grain-grain, grain-
fluid interaction and acceleration of the eroded grains. The bed shear stress is the
result of pick-up and simultaneous sedimentation at a certain flow velocity, instead
of the driving mechanism. The driving mechanism in the turbulence induced erosion
regime is the normal stress as a result of the sweeps in turbulent bursts hitting the
top of the sand bed. This is also the reason that the pick-up flux in the turbulent
induced erosion regime is related to the depth-averaged flow velocity instead of the
bed shear stress.





9
Conclusions and

recommendations

9.1. Conclusions
The conclusions are described on the basis of the goals of this research program as
described in Chapter 1.

• to observe and to get understanding of the process of erosion of sand at flow
velocities of 2 to 6 m/s and to gather experimental data of the erosion process
with varying bulk properties of the sand bed;

• to develop a pick-up flux function applicable at these flow velocities.

This leads to a subdivision of the conclusions according to the following subjects:

• attained experimental data set;

• physics of the erosion process;

• influence of operational parameters and properties sand bed;

• experimental procedure;

• pick-up function.

Furthermore conclusions are given regarding the energy loss along an eroding
sand bed, often represented by the bed shear stress.
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Attained experimental data set
This experimental study comprises the data of several experiments influencing the
pick-up flux of sand at flow velocities of more than 1 m/s. The operational condi-
tions of the test program are depicted in Table 5.4. Parameters varied during the
experiments are the depth-averaged flow velocity, density of the eroding flow, rela-
tive density of the sand bed, grain size and thus the influence of the permeability.
Appendix A gives an overview of the operational conditions during each experiment.
The results of the experiments are summarized in Appendix B, C and D.

Physics of the erosion process
Based on the visual observations during the erosion experiments and the analysis of
the results of the erosion experiments, the physical process during erosion, at depth-
averaged flow velocities between 2 and 6 m/s, have been determined and described.
From this description the following conclusions can be drawn:

• the turbulent behavior of the flow influences the erosion process. Turbulent
bursts, consisting of vortices hitting the top of the sand bed, determine the
intensity of the erosion process. The sweeps of the turbulent bursts cause a
normal stress on the top of the sand bed, resulting in shearing of lumps of
sand. These lumps are disintegrated and the grains are (partly) transported
to the main flow by ejections. Not all grains reach the main flow. Part of the
eroded grains are re-sedimented by consecutive sweeps;

• considering above, the near-bed concentration, necessary to determine the
sedimentation and hence the pick-up flux, has been based on the vertical
height of the sweeps and ejections. These sweeps and ejections determine the
erosion process and influence the pick-up flux by re-sedimentation of grains
picked up by ejections;

• the analysis of the results of the experiments shows the influence of the relative
density and permeability on the relation between the pick-up flux and depth-
averaged flow velocity. The relative density of a sand bed determines the angle
of internal friction and effect on dilatancy, while the permeability determines
the (decreased) pore water pressures during dilatancy. This underlines that
the erosion process is influenced by the shearing of lumps of sand including
the effect of dilatancy;

• the influence of the bulk properties of the sand bed, like relative density and
permeability, vanishes when the pick-up flux is related to the bed shear stress.
In case of an increasing pick-up flux, due to for instance a low relative density
of the sand bed, this leads to an increase of the near-bed concentration, hence
increasing the bed shear stress as described in the conclusions regarding the
bed shear stress (see further). The effects of the bulk properties on the pick-up
flux are compensated by an extra increase or decrease of the bed shear stress,
causing a vanishing influence of the bulk properties on the relation between
the pick-up flux and bed shear stress;
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• the impact of consecutive turbulent bursts on the sand bed causes local liq-
uefaction of the sand bed. The turbulent bursts cause a vertical stress on
top of the sand bed resulting in temporarily excess pore water pressures. The
dimensions of the liquefied zone depend on the relative density and perme-
ability of the sand bed. A sand bed with a low relative density shows a larger
liquefied zone, in comparison with sand with a high relative density. A high
permeability enables a rather rapid decrease of the excess pore water pres-
sures, decreasing the dimensions of the liquefied zone in comparison with sand
with a lower permeability;

• the results of the experiments show no influence of the depth-averaged density
of the flow on the pick-up flux. However, the near-bed concentration influences
the erosion velocity because this increases the sedimentation flux.

Influence of operational parameters and properties sand
bed
The influence of the parameters varied during the experiments are described below:

• depth-averaged flow velocity: the pick-up flux increases at increasing depth-
averaged flow velocity. An increase of the depth-averaged flow velocity results
in higher normal stresses on the top of the sand bed, hence resulting in larger
wedges of sheared sand and resulting increase of the pick-up flux (Section
8.4.1);

• density eroding flow: it was expected that the density of the eroding flow
should influence the pick-up flux (hindered erosion). However, the data of the
experiments did not show any influence of the depth-averaged concentration
of the eroding flow on the pick-up flux (Section 8.4.3);

• relative density sand bed: an increase of the relative density leads to a decrease
of the pick-up flux. This underlines the conclusion that the erosion process is
determined by shearing of sand. A high relative density increases the resistance
to shear and hence causing a reduction of the pick-up flux (Section 8.5.1);

• grain size (influence of permeability): at depth-averaged flow velocities of more
than 4 m/s the experimental results show for the three coarsest sand types an
influence of the grain size, and thus the permeability of the sand, on the pick-up
flux. The relative low permeability of the finest sand type, results in already
an influence of the grain size on the pick-up flux from depth-averaged flow
velocities of 1.5 m/s. An increase of the grain size, and thus the permeability,
causes an increase of the pick-up flux. A low permeability will lead to relative
high pore water under pressures during shearing, increasing the resistance the
shear and hence causing a reduction of the pick-up flux in comparison to sand
with a high permeability (Section 8.5.2).

Experimental procedure
The conclusions regarding the experimental procedure are:
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• the acceleration of the flow during the experiments has made it difficult to
derive the energy loss along the eroding sand bed. This effect has complicated
an accurate determination of the effective bed shear stress and bed friction
from the pressure gradient measurements. As a result of the experimental
errors, in order to the determine the bed shear stress, the experimental error
of the bed shear stress varies within a range of between 30% and 80% above
and below the calculated value of the bed shear stress at depth-averaged flow
velocities up to 4 m/s. At higher flow velocities the range of the experimental
error decreases to between 5% and 30%;

• the frictional properties of the walls of the measurement section changed dur-
ing the experimental program, due to wear as a result of the impact of sand
grains on the walls. Therefore it was not only necessary to calibrate the pres-
sure gauges during the experimental program, but it was also necessary to
check the measurements of the pressure gradient in the measurement section
during the experimental program on a regular basis;

• besides the influence of the temperature and the composition of the water in
the slurry-circuit, the type of sand influences the relation between the results
of the measurements with the (electrical) conductivity probes and the density
measurements with the radio-active density meter. The sand types used, have
a varying relation (curved or linear) between the measured potential difference
and the density as measured with the radio-active density meter;

• based on the findings during the erosion experiments a cooling system for
the slurry circuit is developed, to keep the temperature of the slurry in the
circuit constant during the experiments. This will improve and simplify the
calibration procedure of the conductivity probes and keeps physical parameters
like the viscosity of the fluid and resulting settling velocity of grains constant.

Pick-up function
A semi-empirical pick-up function has been derived on the basis of the results of
the experiments and visual observations during the experiments. This function is
based on the shearing of lumps of sand as a result of turbulent normal wall stresses.
The thickness of the sheared lumps is determined on the basis of the resisting force
of a wedge to a normal force according to the solution of Rankine. The effect of
dilantancy is incorporated in this approach by including the effect of the inward
hydraulic gradient into the sand bed on the increased vertical effective stress. The
main conclusions regarding this function are:

• using the depth-averaged flow velocity for the modeling of the normal stress on
top of the sand bed and modeling the failure mechanism during the shearing
of lumps of sand according to the description of the resistance of a sand bed
to a vertical strip load, gives a good description of the influence of the relative
density and the angle of internal friction on the pick-up flux;

• the effect of dilatancy and resulting decreased pore water pressures explains
the difference in pick-up flux between sand with a low and high permeability;
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• as described sweeps cause normal stresses on top of the sand bed, resulting in
sheared lumps of sand. The bed shear stress is not the driving mechanism for
the pick-up of grains.

Bed shear stress
The shear stress at the surface of an eroding sand bed is a widely studied subject.
The results of the analysis of this experimental program show that:

• in case of an eroding sand bed, using the widely used approach to relate the
bed friction, via for instance the Colebrook equation, to a relation between the
relative bed roughness (ks/d50) and the Shields parameter, leads to an appar-
ent roughness (ks) of larger dimensions than the grain size. However, using
this approach for the analysis of the erosion experiments at depth-averaged
flow velocities of more than 4 to 5 m/s, the fictitious roughness exceeds the
height of the measurement section, which is physically impossible. Based on
these findings it should be noted that the effective roughness during erosion
has no physical meaning. It is only a measure for the energy loss, in case of
erosion or sheet flow;

• the Darcy-Weisbach bed friction coefficient, in case of an eroding sand bed, is
considered as an equivalent bed friction coefficient. It does not represents the
friction between two layers, but it represents the energy loss in a layer along an
eroding sand bed. This friction coefficient can be used in order to determine
the hydraulic pressure gradient of a flow along an eroding sand bed;

• the results of the experiments show no significant influence of the average
density of the flow on the bed friction coefficient. However, the results of
the erosion experiments show that the bed friction coefficient is influenced
by the concentration gradient (and thus the concentration or density) of the
sand-water mixture close to the top of the eroding sand bed (near-bed con-
centration). This shows that the bed friction coefficient is determined by the
energy loss in a relative small zone above the top of the sand bed consisting
of a relative highly concentrated sand-water mixture. It should be considered
that this height will be dependent on the flow conditions (height and velocity
of the flow). During the erosion experiments this height was between 0.01 and
0.03 m.

• the concentration of the sand-water mixture close to the top of the sand bed
depends on the pick-up flux and sedimentation flux. Considering the above
mentioned conclusion that the bed friction coefficient is influenced by the
concentration of the sand-water mixture close to the top of the sand bed, this
effect shows that the energy loss along an eroding sand bed is influenced by
the pick-up flux and sedimentation flux;

Summarizing, the energy loss of a flow along an eroding sand bed is influenced
by:
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• the energy necessary to accelerate the grains, which are picked-up by the flow;

• the influence of the concentration of the grains, just above the top of the
sand bed, introducing an increase of the effective viscosity of the sand-water
mixture;

• energy losses as a result of collisions between the grains just above the top of
the sand bed;

• turbulence of the flow, which is determined by the depth-averaged flow veloc-
ity and bed associated hydraulic diameter. An increase of the depth-averaged
flow velocity and bed associated hydraulic diameter causes an increase of tur-
bulence.

9.2. Recommendations
This section describes the recommendations regarding the experimental procedure,
developed pick-up function, determination of the bed shear stress as a measure for
the energy loss along an eroding sand bed and practical implications for the design
or improvement of dikes and dredging sand with a trailing suction hopper dredger.

Execution experiments
The analysis of the results of the experiments shows that:

• an experimental set-up should be developed in which the depth-averaged flow
velocity can be kept constant during a significant period of the erosion process,
in order to improve the determination of the pick-up flux and energy loss along
an eroding sand bed;

• the visual observations demonstrate the presence of excess pore water pres-
sures and the description of the erosion process assumes the presence of pore
water under pressures during erosion. However, during the erosion experi-
ments the pressure gauges did not show significant changes of the pore water
pressures during the erosion process. Improvement of the experimental set-up
is necessary to measure the pore water pressures during erosion.

• a more constant relative density over the height of the sand bed before erosion
should be achieved by preparing the sand bed by compaction in a dry state and
by hammering. In combination with measuring the density of the prepared
sand bed at more locations in horizontal direction, this enables the preparation
of a sand bed with a constant density in vertical as well as in horizontal
direction and check of this density. It should be considered that when using
this procedure thorough attention is necessary to saturate the sand bed.

Improvement pick-up function
Investigate if improvement of the developed pick-up function is possible by a better
fundamental description of the erosion process:
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• adjust the description of the described failure mechanism during erosion by
improving the description of the failure mechanism of sand as a result of the
flow of water through the sand bed in the direction of the ejections;

• by including the effect of liquefaction on the excess pore water pressures and
resulting decrease of the resistance to a normal stress on the sand bed;

• measuring the vertical velocity in the sweeps close to the sand bed in order to
determine the normal stresses on the sand bed during erosion;

• executing erosion experiments with small pressure gauges in the sand bed, in
order to determine the vertical stresses on the sand bed during erosion.

Determination bed shear stress
Improvement of the developed empirical relation for the determination of the bed
friction coefficient is possible by:

• developing an empirical relation by including the effect of the pick-up and
sedimentation flux on the influence on the bed friction coefficient;

• developing a more theoretical approach for the energy loss along an eroding
sand bed on a micro-scale by including the effect of the acceleration of the
eroded grains, influence of the concentration of the grains on the effective
viscosity, energy losses as a result of collisions between grains and turbulence.

Practical implications
The recommendations regarding the practical implications of this experimental
study are:

• in case of limited space for the improvement of a present dike or construction
of a new dike, improve the safety against inundation of a polder by retarding
the breaching process. The breaching process can be retarded by reducing the
permeability of the sand (to be used) in the dike;

• typical jet flow velocities during dredging are around 30 to 60 m/s, which is
higher than the maximum depth-averaged flow velocity (6 m/s) during the ero-
sion experiments as described. Erosion experiments at higher depth-averaged
flow velocities are necessary in order to check if the physical process during
water jetting at flow velocities of 30 to 60 m/s is comparable to the erosion
process as described;

• improve the production rate of a trailing suction hopper dredger by construct-
ing extra rows of water jets on the drag head and improve the discharge
through the suction pipe by water jets constructed on the visor of the drag
head.





A
Operational conditions

experiments
Table A.1 gives an overview of the operational conditions during all experiments
which gave useful results. The variables are: grain size, depth-averaged flow velocity
above the sand bed, density of the eroding inflow and relative density of the sand
bed.

Begin of Table A.1 Operational conditions experiments

Experiment Grain size Depth-averaged Density inflow Relative density
flow velocity

- mm m/s kg/m3 -
1 0.125 2.4 - 2.5 1070 0.6 - 0.7
2 0.125 3.4 - 4.2 1090 0.4 - 0.8
3 0.125 5.1 - 5.7 1090 0.3 - 0.9
4 0.125 6.0 - 6.3 1040 0.5 - 1.0
6 0.125 2.7 - 2.9 1090 0.8
7 0.125 2.8 - 3.4 1080 0.2 - 0.4
8 0.125 3.7 - 4.5 1080 0.3 - 0.4
9 0.125 4.3 - 5.4 1050 0.4 - 0.5
10 0.125 4.6 - 5.9 1060 0.4
12 0.562 3.3 - 3.7 1130 -0.03 - 0.41
13 0.562 3.2 - 4.5 1070 -0.02 - 0.22
14 0.562 3.1 - 3.9 1100 0.04 - 0.16
25 0.262 3.0 - 3.4 1060 0.1 - 0.3
26 0.262 2.4 - 2.6 1070 0.2
27 0.262 2.9 - 3.0 1070 0.2 - 0.3

Continued on next page
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Table A.1 continued from previous page

Experiment Grain size Depth-averaged Density inflow Relative density
flow velocity

- mm m/s kg/m3 -
28 0.262 3.5 - 4.1 1060 0.0 - 0.2
29 0.262 4.3 - 4.5 1090 0.0 - 0.2
30 0.262 2.5 - 2.6 1090 0.8 - 1.1
31 0.262 3.3 - 3.5 1100 0.6 - 0.8
32 0.262 3.9 - 4.5 1120 0.4 - 0.7
33 0.262 5.7 - 6.1 1110 0.7 - 0.9
34 0.262 2.4 - 2.5 1070 0.4 - 0.5
35 0.262 2.7 - 3.1 1100 0.5
36 0.262 3.5 - 4.3 1100 0.4 - 0.7
37 0.262 3.0 - 4.8 1100 0.4 - 0.6
38 0.262 2.8 - 3.7 1240 0.4 - 0.9
39 0.262 4.1 - 4.7 1260 0.4 - 0.5
40 0.262 4.4 - 5.1 1220 0.3 - 0.5
41 0.262 3.5 - 4.1 1445 0.4 - 0.5
42 0.262 4.6 - 5.4 1450 0.3 - 0.6
43 0.125 2.0 - 2.3 1070 0.3 - 0.4
44 0.125 2.2 - 2.5 1040 0.3 - 0.6
45 0.125 2.4 - 3.0 1090 0.1 - 0.2
46 0.125 4.4 - 5.1 1120 0.1 - 0.2
47 0.125 2.0 - 2.2 1070 0.3 - 0.4
48 0.125 2.5 - 3.0 1060 0.2 - 0.4
49 0.125 3.5 - 4.1 1080 0.3 - 0.6
50 0.125 4.1 - 4.9 1100 0.2 - 0.4
51 0.125 2.1 - 2.4 1080 0.7 - 0.8
52 0.125 3.1 - 3.5 1070 0.7 - 0.9
53 0.125 3.9 - 4.5 1070 0.6 - 0.8
54 0.125 4.8 - 5.5 1110 0.7 - 0.8
55 0.125 2.9 - 3.1 1200 0.5
56 0.125 3.1 - 4.0 1230 0.2 - 0.4
57 0.125 4.1 - 5.0 1190 0.3 - 0.4
58 0.125 2.8 - 3.3 1330 0.3 - 0.5
59 0.125 3.3 - 3.9 1370 0.3 - 0.5
60 0.125 3.1 - 4.6 1330 0.4
61 0.562 1.6 - 3.4 1090 -0.2 - 0.1
62 0.562 3.4 - 3.8 1110 -0.2 - -0.1
63 0.562 4.1 - 5.1 1160 0.2 - 0.6
64 0.562 3.0 - 3.4 1080 0.3 - 0.5
65 0.562 3.4 - 4.2 1070 0.1 - 0.4

Continued on next page
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Table A.1 continued from previous page

Experiment Grain size Depth-averaged Density inflow Relative density
flow velocity

- mm m/s kg/m3 -
66 0.562 4.2 - 4.5 1130 0.1 - 0.3
67 0.562 3.8 - 4.0 1120 0.7 - 1.0
68 0.562 4.2 - 4.6 1070 0.7 - 1.0
69 0.562 4.7 - 5.2 1090 0.6 - 0.9
70 0.562 3.4 - 3.8 1230 0.4
71 0.562 3.9 - 4.5 1230 0.3 - 0.5
72 0.562 4.4 - 4.8 1220 0.4 - 0.5
74 0.562 4.0 - 4.4 1370 0.3 - 0.5
75 0.562 5.1 - 5.4 1390 0.2 - 0.5
76 0.051 1.4 - 1.8 1060 -0.2 - -0.1
77 0.051 1.3 - 1.4 1050 -0.2
78 0.051 1.9 - 2.5 1050 -0.3 - -0.1
79 0.051 1.5 - 1.8 1100 -0.1 - 0.7
80 0.051 1.8 - 2.0 1060 -0.2 - 0.5
81 0.051 2.5 - 2.8 1060 -0.1 - 0.6
82 0.562 4.3 - 4.7 1120 0.3 - 0.5
83 0.562 4.4 - 4.9 1340 0.2 - 0.6
85 0.562 4.0 - 4.9 1380 0.4 - 0.7
87 0.051 1.3 - 1.5 1050 -0.2 - -0.1
88 0.051 3.8 - 4.1 1060 0.1 - 0.7
89 0.051 4.1 - 5.2 1120 0.0 - 0.6

Table A.1: Operational Conditions Experiments





B
Results experiments pick-up

flux versus flow velocity
The data of the experiments giving reliable results for the pick-up flux and depth-
averaged flow velocity are presented per sand type in Tables B.1, B.2, B.3 and B.4.
The following data are presented:

• Exp. no.: number of experiment;

• Relative density: average density of the sand bed between two conductivity
probes;

• Flow velocity: depth-averaged flow velocity;

• Density flow: average density of the eroding flow during the whole erosion
experiment at the location of the conductivity probes based on the average
density of the eroding inflow of water and effect of the average pick-up flux on
the density of the eroding flow;

• Erosion velocity: rate with which the erosion front moves down between two
consecutive conductivity probes;

• Pick-up flux: calculated pick-up flux between two erosion moments;

• Flow height: height of the flow above the top of the eroding bed.
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Begin of Table B.1 Results experiments on Zilverzand

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m
25 0.20 3.16 1088 0.0079 17.30 0.249

0.28 3.29 0.0119 21.21 0.229
0.32 3.36 0.0118 21.20 0.219
0.34 3.37 0.0101 19.66 0.209
0.32 3.30 0.0116 21.08 0.199
0.14 2.98 0.0090 18.15 0.179

26 0.18 2.36 1107 0.0047 14.34 0.219
0.21 2.40 0.0054 15.07 0.209
0.21 2.43 0.0128 22.73 0.199
-0.20 2.63 0.0098 18.57 0.179

27 0.18 2.88 1095 0.0256 33.29 0.229
0.27 2.92 0.0294 37.41 0.219
0.30 3.00 0.0250 33.52 0.209
0.21 2.92 0.0125 21.54 0.199

28 0.02 3.93 1180 0.0231 27.59 0.266
-0.01 3.94 0.0610 56.04 0.259
0.02 4.07 0.0781 69.65 0.249
0.10 4.00 0.0130 20.15 0.229
0.13 3.75 0.0439 44.66 0.219
0.17 3.69 0.0379 40.34 0.209
0.21 3.53 0.0568 56.20 0.199

29 0.03 4.26 1186 0.0575 59.08 0.249
0.10 4.46 0.0532 56.36 0.229
0.14 4.46 0.0495 53.67 0.219
0.20 4.50 0.0388 44.83 0.209
0.23 4.49 0.0365 43.17 0.199

30 0.79 2.49 1104 0.0016 11.73 0.179
0.78 2.57 0.0021 12.35 0.169
0.77 2.50 0.0034 13.84 0.159
1.14 2.53 0.0038 14.57 0.149

31 0.62 3.27 1115 0.0093 19.94 0.229
0.65 3.36 0.0056 16.11 0.219
0.69 3.34 0.0063 16.86 0.209
0.68 3.39 0.0070 17.61 0.199
0.75 3.52 0.0094 20.45 0.179
0.70 3.33 0.0066 17.24 0.169

32 0.65 4.54 1189 0.0154 24.39 0.229
0.68 4.52 0.0200 28.80 0.219

Continued on next page
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Table B.1 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.70 4.47 0.0217 30.54 0.209
0.71 4.34 0.0221 30.93 0.199
0.70 4.43 0.0347 42.62 0.179
0.67 4.25 0.0181 26.96 0.169
0.59 3.89 0.0397 46.18 0.159
0.43 4.03 0.0595 61.53 0.149

33 0.67 5.74 1201 0.0263 35.04 0.229
0.68 5.73 0.0568 64.00 0.219
0.69 5.80 0.1316 134.79 0.209
0.69 5.91 0.0575 64.65 0.199
0.70 6.06 0.1087 113.60 0.179
0.68 6.03 0.0490 56.59 0.169
0.88 5.65 0.0379 47.99 0.159

34 0.53 2.50 1067 0.0022 11.85 0.179
0.54 2.45 0.0045 14.44 0.169
0.51 2.49 0.0035 13.32 0.159
0.34 2.44 0.0044 14.14 0.149

35 0.48 3.12 1104 0.0052 14.79 0.229
0.48 3.06 0.0076 16.92 0.219
0.48 3.04 0.0192 27.40 0.209
0.47 3.10 0.0154 23.93 0.199
0.49 2.85 0.0152 23.77 0.179
0.50 2.66 0.0127 21.57 0.169
0.50 2.76 0.0182 26.54 0.159

36 0.45 4.34 1166 0.0200 27.68 0.229
0.42 4.23 0.0172 25.14 0.219
0.42 4.04 0.0238 30.82 0.209
0.43 4.28 0.1087 104.87 0.199
0.36 4.14 0.0169 24.59 0.179
0.49 3.76 0.0510 55.46 0.169
0.74 3.51 0.0455 53.54 0.159

37 0.51 4.49 1189 0.0198 28.71 0.249
0.53 4.73 0.0153 24.56 0.229
0.55 4.63 0.0216 30.64 0.219
0.56 4.62 0.0321 40.52 0.209
0.54 4.61 0.0327 40.94 0.199
0.44 4.78 0.0400 46.81 0.179
0.41 4.51 0.0279 35.48 0.169

Continued on next page
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Table B.1 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.57 3.03 0.0331 41.62 0.149
38 0.48 3.14 1262 0.0051 14.75 0.219

0.44 3.14 0.0077 16.99 0.209
0.43 2.95 0.0123 21.04 0.199
0.50 3.67 0.0104 19.57 0.179
0.48 3.53 0.0149 23.50 0.169
0.61 3.42 0.0112 20.62 0.159
0.86 2.83 0.0065 16.71 0.149

39 0.51 4.23 1309 0.0377 41.08 0.229
0.42 4.51 0.0488 49.01 0.209
0.39 4.54 0.0169 23.48 0.199
0.41 4.70 0.0294 33.45 0.179
0.37 4.12 0.0400 41.52 0.169
0.52 4.11 0.0294 34.30 0.159

40 0.50 4.37 1290 0.0147 21.42 0.266
0.51 4.64 0.0180 24.08 0.229
0.48 4.68 0.0391 40.67 0.219
0.45 4.64 0.0355 37.48 0.209
0.42 4.68 0.0314 34.09 0.199
0.43 4.47 0.1471 124.12 0.179
0.45 4.77 0.1429 121.76 0.169
0.43 5.09 0.0735 67.04 0.159
0.29 5.03 0.0450 43.10 0.149

41 0.45 4.05 1466 0.0121 18.66 0.219
0.42 3.67 0.0114 18.00 0.209
0.41 3.51 0.0299 31.54 0.199

42 0.60 4.61 1447 0.0147 21.22 0.249
0.51 4.73 0.0282 30.99 0.229
0.43 4.97 0.0227 26.41 0.219
0.36 4.74 0.0187 23.13 0.209
0.33 4.45 0.0270 28.89 0.199
0.38 4.86 0.0323 32.97 0.179
0.34 5.38 0.0183 22.77 0.169

Table B.1: Results experiments on Zilverzand
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Begin of Table B.2 Results experiments on Geba

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m
43 0.26 2.01 1083 0.0038 6.01 0.249

0.27 2.22 0.0072 9.09 0.229
0.30 2.29 0.0058 7.89 0.219
0.34 2.26 0.0053 7.52 0.209
0.37 2.29 0.0056 7.80 0.199
0.42 2.12 0.0039 6.34 0.179

44 0.27 2.51 1145 0.0161 14.49 0.229
0.41 2.47 0.0182 16.89 0.219
0.52 2.42 0.0204 19.43 0.209
0.55 2.39 0.0244 23.04 0.199
0.40 2.20 0.0110 11.21 0.179

45 0.14 2.46 1218 0.0255 21.62 0.229
0.15 2.40 0.0357 29.38 0.219
0.17 2.72 0.0472 38.29 0.209
0.19 3.03 0.0397 32.98 0.199

46 0.14 5.11 1170 0.0147 14.07 0.229
0.17 5.08 0.0131 13.00 0.219
0.18 4.95 0.0463 39.32 0.209
0.19 5.08 0.2174 174.92 0.199
0.18 4.95 0.0216 19.73 0.179
0.16 4.67 0.0273 24.13 0.169
0.13 4.42 0.0224 20.04 0.159

47 0.32 1.97 1088 0.0035 6.16 0.249
0.41 2.01 0.0088 11.47 0.229
0.43 2.09 0.0045 7.29 0.219
0.42 2.18 0.0032 5.98 0.209
0.40 2.24 0.0051 7.83 0.199
0.31 2.19 0.0035 6.17 0.179
0.27 2.04 0.0035 6.07 0.169

48 0.40 2.94 1123 0.0082 10.39 0.229
0.43 2.95 0.0101 12.26 0.219
0.45 2.93 0.0177 19.44 0.209
0.43 2.87 0.0110 13.08 0.199
0.33 2.72 0.0092 11.06 0.179
0.27 2.49 0.0129 14.12 0.169
0.22 2.55 0.0104 11.71 0.159
0.20 2.64 0.0244 23.55 0.149

49 0.36 3.72 1153 0.0174 18.87 0.259

Continued on next page
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Table B.2 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.34 3.77 0.0177 19.08 0.249
0.46 4.08 0.0227 24.62 0.219
0.51 4.13 0.0139 16.41 0.209
0.55 4.03 0.0136 16.27 0.199
0.51 4.07 0.0253 27.50 0.179
0.45 3.87 0.0155 17.66 0.169
0.38 3.59 0.0229 24.15 0.159
0.33 3.47 0.0198 20.94 0.149

50 0.42 4.49 1178 0.0158 17.07 0.266
0.32 4.76 0.0148 15.58 0.249
0.37 4.80 0.0152 16.28 0.229
0.38 4.78 0.0275 27.12 0.219
0.37 4.84 0.0485 45.44 0.209
0.33 4.88 0.0233 22.98 0.199
0.27 4.57 0.0521 46.70 0.179
0.25 4.47 0.0236 22.57 0.169
0.23 4.10 0.0233 22.16 0.159

51 0.70 2.07 1096 0.0020 5.06 0.229
0.74 2.14 0.0020 5.08 0.219
0.76 2.17 0.0022 5.42 0.209
0.77 2.21 0.0023 5.43 0.199
0.76 2.32 0.0035 6.94 0.179
0.75 2.38 0.0050 8.63 0.169
0.76 2.40 0.0044 7.92 0.159
0.77 2.38 0.0037 7.14 0.149

52 0.73 3.13 1104 0.0064 10.05 0.229
0.76 3.24 0.0076 11.55 0.219
0.78 3.30 0.0081 12.2 0.209
0.79 3.32 0.0071 11.08 0.199
0.79 3.44 0.0093 13.55 0.179
0.80 3.45 0.0119 16.7 0.169
0.84 3.35 0.0099 14.55 0.159
0.94 3.32 0.0082 12.77 0.149

53 0.62 3.85 1125 0.0091 12.15 0.259
0.62 3.96 0.0095 12.54 0.249
0.68 4.13 0.0106 13.94 0.229
0.70 4.17 0.0194 23.33 0.219
0.71 4.26 0.0117 15.20 0.209

Continued on next page
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Table B.2 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.72 4.29 0.0104 13.84 0.199
0.75 4.45 0.0153 19.31 0.179
0.74 4.41 0.0181 22.28 0.169
0.67 4.13 0.0151 18.62 0.159

54 0.75 4.75 1162 0.0123 15.81 0.266
0.70 4.86 0.009 12.23 0.259
0.69 4.88 0.0107 13.9 0.249
0.75 5.20 0.0313 36.02 0.229
0.78 5.35 0.0186 22.75 0.219
0.80 5.46 0.0126 16.42 0.209
0.80 5.37 0.0149 18.87 0.199
0.79 5.42 0.0338 39.21 0.179
0.79 5.24 0.0203 24.67 0.169

55 0.52 3.08 1239 0.0109 11.78 0.219
0.54 3.12 0.0061 7.77 0.209
0.53 3.10 0.0140 14.45 0.199
0.45 2.85 0.0075 8.76 0.169

56 0.34 3.72 1287 0.0154 15.33 0.249
0.37 3.87 0.0833 71.34 0.229
0.36 3.99 0.0207 19.72 0.219
0.33 3.88 0.0189 18.13 0.209
0.30 3.80 0.0120 12.38 0.199
0.25 3.79 0.0161 15.40 0.179
0.26 3.67 0.0455 38.36 0.169
0.26 3.55 0.0180 16.88 0.159
0.22 3.12 0.0338 28.84 0.149

57 0.39 4.81 1262 0.0313 27.09 0.229
0.41 4.89 0.0431 36.59 0.219
0.41 4.99 0.0357 30.76 0.209
0.39 4.99 0.0181 16.82 0.199
0.31 4.48 0.0262 22.36 0.179
0.27 4.10 0.0360 29.12 0.169

58 0.37 2.81 1361 0.0050 6.52 0.259
0.37 2.97 0.0114 11.38 0.249
0.47 2.99 0.0057 7.30 0.229
0.48 3.27 0.0103 11.02 0.209
0.33 3.22 0.0096 9.87 0.169

59 0.34 3.74 1419 0.0179 15.27 0.259

Continued on next page
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Table B.2 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.34 3.60 0.0095 9.31 0.249
0.43 3.86 0.0159 14.34 0.229
0.46 3.81 0.0159 14.52 0.219
0.46 3.68 0.0179 16.04 0.209
0.44 3.77 0.0357 29.25 0.199
0.36 3.88 0.0220 18.31 0.179
0.32 3.93 0.0177 14.97 0.169
0.26 3.30 0.0667 47.97 0.149

60 0.42 4.57 1377 0.0184 16.12 0.259
0.41 4.61 0.0129 11.97 0.249
0.41 4.57 0.0272 22.49 0.229
0.41 4.50 0.0202 17.32 0.219
0.41 4.29 0.0244 20.42 0.209
0.41 4.33 0.0250 20.85 0.199
0.41 3.28 0.0260 21.59 0.179
0.41 3.13 0.0345 27.75 0.169

Table B.2: Results experiments on Geba
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Begin of Table B.3 Results experiments on Dorsilit

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m
61 0.09 3.37 1115 0.0015 23.14 0.229

-0.06 3.33 0.0096 28.76 0.219
-0.11 3.29 0.0135 31.28 0.209
-0.09 3.44 0.0135 31.36 0.199
0.00 3.39 0.0074 27.31 0.179
-0.02 2.9 0.0154 32.98 0.169
-0.18 1.57 0.0196 35.03 0.149

62 -0.08 3.37 1175 0.0227 35.91 0.249
-0.19 3.78 0.0362 42.99 0.229

63 0.40 4.88 1230 0.0225 40.41 0.266
0.44 4.83 0.0307 47.22 0.259
0.54 5.02 0.0260 44.25 0.249
0.64 5.13 0.0245 43.71 0.229
0.58 4.95 0.0131 33.64 0.219
0.47 5.07 0.0290 46.14 0.209
0.35 4.90 0.0488 60.50 0.199
0.19 4.11 0.0169 34.93 0.179

64 0.30 3.41 1113 0.0078 27.75 0.209
0.34 3.29 0.0117 30.83 0.199
0.40 3.30 0.0077 27.96 0.179
0.42 3.23 0.0134 32.45 0.169
0.45 3.12 0.0138 32.84 0.159
0.48 2.97 0.0107 30.49 0.149

65 0.11 3.89 1142 0.0347 47.36 0.266
0.09 3.88 0.0183 35.40 0.259
0.08 3.98 0.0148 32.88 0.249
0.14 4.08 0.0336 46.83 0.229
0.19 4.13 0.0171 35.08 0.219
0.25 4.16 0.0342 48.40 0.209
0.30 4.11 0.0164 35.07 0.199
0.36 4.20 0.0439 57.13 0.179
0.36 3.97 0.0149 34.13 0.169
0.35 3.53 0.0167 35.52 0.159
0.32 3.44 0.0208 38.59 0.149

66 0.13 4.47 1214 0.0592 63.54 0.229
0.17 4.47 0.0885 84.88 0.219
0.20 4.53 0.0260 40.93 0.209
0.23 4.17 0.0541 61.52 0.199

Continued on next page
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Table B.3 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.27 4.45 0.0388 50.76 0.179
0.27 4.40 0.0877 86.82 0.169
0.26 4.42 0.0926 90.17 0.159
0.24 4.59 0.3226 257.41 0.149

67 0.65 3.95 1144 0.0084 30.12 0.219
0.73 3.89 0.0189 40.05 0.209
0.82 3.81 0.0161 37.94 0.199
0.97 3.89 0.0165 39.04 0.179
0.99 3.90 0.0134 36.01 0.169
0.96 3.94 0.0146 37.07 0.159
0.89 3.80 0.0128 35.04 0.149

68 0.65 4.15 1121 0.0198 38.70 0.229
0.72 4.28 0.0127 32.78 0.219
0.80 4.38 0.0203 40.03 0.209
0.88 4.37 0.0159 36.40 0.199
0.99 4.47 0.0360 56.25 0.179
1.01 4.56 0.0275 48.19 0.169
0.99 4.44 0.0225 43.30 0.159
0.95 4.46 0.0193 39.97 0.149

69 0.73 4.95 1176 0.0240 41.26 0.266
0.66 4.72 0.0164 34.67 0.259
0.61 4.81 0.0481 59.31 0.249
0.63 4.97 0.0222 39.10 0.229
0.69 4.85 0.0286 44.61 0.219
0.75 4.96 0.0296 46.02 0.209
0.82 5.03 0.0361 52.15 0.199
0.91 5.20 0.0595 73.61 0.179
0.92 5.11 0.0258 44.09 0.169
0.90 5.15 0.0385 55.01 0.159
0.86 5.23 0.0610 73.95 0.149

70 0.44 3.75 1242 0.0041 25.36 0.179
0.44 3.38 0.0052 26.17 0.169
0.40 3.41 0.0051 26.04 0.149

71 0.26 4.14 1270 0.0134 30.73 0.229
0.33 4.00 0.0134 31.00 0.219
0.39 4.08 0.0132 31.01 0.209
0.43 3.90 0.0253 40.01 0.199
0.45 4.47 0.0385 49.93 0.179

Continued on next page
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Table B.3 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.44 4.12 0.0403 51.23 0.169
0.43 4.16 0.0321 45.02 0.159
0.42 4.09 0.0455 54.66 0.149

72 0.37 4.82 1282 0.0195 36.41 0.229
0.35 4.46 0.0258 40.92 0.219
0.36 4.60 0.0581 64.93 0.209
0.40 4.74 0.0333 46.91 0.199
0.47 4.50 0.0676 74.08 0.179
0.49 4.37 0.1136 110.01 0.169

74 0.34 4.39 1386 0.0164 31.81 0.209
0.39 4.11 0.0258 38.34 0.199
0.46 4.34 0.0505 56.06 0.179
0.47 4.02 0.0127 29.84 0.169
0.47 4.22 0.0490 55.19 0.159
0.46 4.12 0.0223 36.45 0.149

75 0.24 5.38 1426 0.0185 32.31 0.229
0.27 5.13 0.0185 32.45 0.219
0.31 5.29 0.0481 51.44 0.209
0.44 5.19 0.6250 441.01 0.179
0.47 5.09 0.0481 53.62 0.149

82 0.34 4.50 1217 0.0287 42.35 0.266
0.31 4.51 0.0270 40.83 0.259
0.28 4.63 0.0344 45.79 0.249
0.28 4.56 0.0263 40.15 0.229
0.30 4.44 0.0235 38.34 0.219
0.34 4.31 0.0833 81.74 0.209
0.39 4.46 0.1064 99.75 0.199
0.47 4.69 0.0262 41.53 0.179
0.49 4.46 0.0781 81.40 0.169
0.50 4.46 0.0495 59.60 0.159
0.48 4.48 0.0901 90.23 0.149

83 0.22 4.37 1383 0.0137 28.83 0.229
0.28 4.56 0.0431 46.87 0.219
0.34 4.84 0.0294 39.13 0.209
0.41 4.68 0.0164 31.33 0.199
0.51 4.54 0.0130 29.50 0.179
0.54 4.51 0.0397 47.78 0.169
0.55 4.87 0.0893 81.85 0.159

Continued on next page
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Table B.3 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m

0.54 4.81 0.0403 48.25 0.149
85 0.36 4.32 1392 0.0078 25.34 0.229

0.47 3.98 0.0210 34.40 0.209
0.53 4.11 0.0106 27.63 0.199
0.66 4.93 0.0275 40.19 0.159

Table B.3: Results experiments on Dorsilit
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Begin of Table B.4 Results experiments on Silverbond

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m
76 -0.14 1.79 1093 0.0064 5.86 0.259

-0.17 1.71 0.0057 5.18 0.249
-0.14 1.49 0.0065 5.95 0.229
-0.11 1.42 0.0200 17.81 0.219
-0.12 1.47 0.0086 7.84 0.209
-0.15 1.41 0.0017 1.75 0.199

77 -0.16 1.43 1075 0.0056 5.28 0.249
-0.16 1.33 0.0244 21.91 0.229
-0.16 1.34 0.0071 6.60 0.219
-0.18 1.30 0.0029 2.86 0.209
-0.23 1.38 0.0220 19.18 0.199

78 -0.12 2.24 1090 0.0047 3.74 0.266
-0.18 2.09 0.0069 5.22 0.259
-0.14 1.85 0.0127 9.45 0.229
-0.13 1.88 0.0071 5.48 0.219
-0.10 2.03 0.0164 12.40 0.199
-0.30 2.54 0.0114 7.77 0.179

79 0.72 1.51 1103 0.0005 0.97 0.266
0.52 1.55 0.0006 1.04 0.259
0.22 1.60 0.0009 1.30 0.249
-0.01 1.68 0.0012 1.51 0.229
-0.02 1.74 0.0015 1.79 0.219
-0.05 1.75 0.0026 2.89 0.209
-0.06 1.77 0.0023 2.57 0.199

80 0.54 1.83 1071 0.0010 1.47 0.266
0.30 1.88 0.0015 1.92 0.259
0.09 1.90 0.0013 1.67 0.249
-0.03 1.96 0.0039 4.21 0.229
-0.03 1.94 0.0015 1.77 0.219
-0.05 1.88 0.0139 14.04 0.209
-0.11 1.96 0.0033 3.47 0.199
-0.20 1.82 0.0031 3.13 0.179

81 0.62 2.51 1076 0.0015 1.99 0.266
0.38 2.51 0.0068 7.42 0.259
0.14 2.56 0.0042 4.32 0.249
0.00 2.61 0.0114 10.35 0.229
0.01 2.56 0.0026 2.64 0.219
-0.07 2.82 0.0024 2.38 0.199

Continued on next page
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Table B.4 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Flow
no. density velocity flow velocity flux height
- - m/s kg/m3 m/s kg/m2 · s m
87 -0.07 1.51 1067 0.0007 0.88 0.266

-0.10 1.53 0.0016 1.69 0.259
-0.13 1.44 0.0038 3.55 0.229
-0.16 1.30 0.0052 4.59 0.199

88 0.65 4.00 1086 0.0039 4.88 0.266
0.43 3.93 0.0070 7.96 0.259
0.21 3.99 0.0118 12.08 0.249
0.08 4.10 0.0069 6.86 0.229
0.08 4.03 0.0085 8.43 0.219
0.06 3.80 0.0072 7.13 0.209

89 0.60 5.18 1148 0.0055 6.68 0.266
0.35 4.91 0.0099 10.72 0.259
0.11 4.92 0.0368 35.47 0.249
0.03 5.08 0.0129 12.19 0.229
0.08 5.08 0.0131 12.68 0.219
0.08 5.28 0.0196 18.79 0.209
0.01 4.10 0.0313 28.94 0.199

Table B.4: Results experiments on Silverbond
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Results experiments bed
shear stress versus flow

velocity
The data of the experiments giving reliable results for the bed shear stress, bed
friction coefficient and depth-averaged flow velocity are presented per sand type in
Tables C.1, C.2, C.3 and C.4. The following data are presented:

• Exp. no.: number of experiment;

• Density flow: average density of the eroding flow during the whole erosion
experiment at the location of the conductivity probes based on the average
density of the eroding inflow of water and effect of the average pick-up flux on
the density of the eroding flow;

• Relative density: average density of the sand bed between two conductivity
probes;

• Flow velocity: depth-averaged flow velocity;

• Shear Stress: bed shear stress as derived from the hydraulic pressure gradient
measurements;

• Friction coefficient: bed friction coefficient as derived from the bed shear stress
and depth-averaged flow velocity;

• Flow height: height of the flow above the top of the eroding bed.
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Begin of Table C.1 Results experiments on Zilverzand

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m
25 1088 3.21 117.04 0.084 0.239

3.29 168.31 0.115 0.229
3.36 207.59 0.136 0.219
3.37 226.08 0.147 0.209
3.30 240.73 0.162 0.199
3.27 231.07 0.159 0.189
2.98 181.51 0.150 0.179

26 1107 2.36 38.35 0.050 0.219
2.40 35.22 0.044 0.209

27 1095 3.02 90.61 0.073 0.249
2.92 151.52 0.129 0.239
2.88 191.43 0.168 0.229
2.92 191.79 0.164 0.219
3.00 250.41 0.204 0.209

28 1180 3.94 331.60 0.145 0.259
4.07 231.65 0.095 0.249
4.13 306.21 0.122 0.239
4.00 287.88 0.122 0.229
3.53 235.10 0.128 0.199
3.33 184.73 0.113 0.189

30 1104 2.42 92.74 0.114 0.189
2.49 89.82 0.105 0.179
2.57 104.49 0.115 0.169
2.50 114.77 0.133 0.159
2.53 146.98 0.167 0.149

31 1115 3.01 135.12 0.107 0.239
3.36 162.47 0.103 0.219
3.34 189.17 0.122 0.209
3.39 256.45 0.160 0.199
3.45 306.25 0.184 0.189
3.52 294.12 0.170 0.179
3.33 371.98 0.240 0.169

32 1189 4.24 295.70 0.111 0.249
4.54 336.96 0.110 0.229
4.52 395.45 0.130 0.219
4.47 504.18 0.170 0.209
4.34 604.42 0.216 0.199
4.31 739.20 0.268 0.189

Continued on next page
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Table C.1 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

4.43 672.32 0.230 0.179
4.25 671.86 0.250 0.169
3.89 448.18 0.199 0.159

33 1201 5.74 1041.64 0.211 0.229
5.73 992.12 0.201 0.219
5.80 1178.91 0.234 0.209
5.91 1270.57 0.243 0.199

34 1067 2.39 64.29 0.084 0.189
2.50 83.63 0.100 0.179
2.45 92.52 0.115 0.169
2.49 104.41 0.126 0.159
2.44 139.74 0.175 0.149

35 1104 3.12 162.98 0.121 0.229
3.06 193.84 0.150 0.219
3.04 204.38 0.160 0.209
3.10 228.17 0.172 0.199
3.02 300.05 0.239 0.189
2.85 402.79 0.360 0.179

36 1166 4.25 318.30 0.121 0.249
4.31 432.29 0.159 0.239
4.34 480.38 0.175 0.229
4.23 587.35 0.225 0.219
4.48 811.31 0.277 0.189
4.14 841.89 0.337 0.179
3.76 810.44 0.393 0.169
3.51 414.59 0.230 0.159

37 1189 4.49 484.11 0.162 0.249
4.73 456.99 0.138 0.229
4.63 671.30 0.211 0.219
4.62 889.13 0.280 0.209
4.61 980.79 0.310 0.199
4.78 739.45 0.217 0.179
4.51 653.03 0.216 0.169
3.03 524.29 0.385 0.149

39 1309 3.97 389.63 0.151 0.249
3.90 635.90 0.255 0.239
4.23 591.34 0.202 0.229
4.51 383.25 0.115 0.209

Continued on next page
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Table C.1 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

4.54 711.57 0.211 0.199
4.50 934.19 0.282 0.189
4.70 1023.39 0.283 0.179
4.12 819.31 0.295 0.169
4.11 626.81 0.226 0.159

40 1290 4.64 415.88 0.120 0.229
4.68 483.92 0.137 0.219
4.64 356.26 0.103 0.209

41 1466 3.85 587.85 0.217 0.229
4.05 409.28 0.136 0.219
3.67 788.88 0.320 0.209

42 1447 4.61 641.41 0.167 0.249
4.61 569.58 0.148 0.239
4.74 1238.55 0.305 0.209
4.45 1436.81 0.400 0.199

Table C.1: Results experiments on Zilverzand
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Begin of Table C.2 Results experiments on Geba

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m
44 1145 2.37 192.49 0.239 0.259
46 1170 4.76 376.86 0.114 0.259

4.72 536.63 0.165 0.249
5.11 423.63 0.111 0.229
5.08 506.13 0.134 0.219
4.95 460.96 0.129 0.209
5.08 462.62 0.122 0.199
5.12 396.85 0.103 0.189
4.95 403.41 0.113 0.179
4.67 272.16 0.085 0.169
4.42 295.81 0.103 0.159

47 1088 1.86 45.53 0.097 0.266
1.97 42.79 0.081 0.249
1.98 58.74 0.110 0.239
2.01 68.74 0.125 0.229
2.09 61.74 0.104 0.219
2.18 66.31 0.102 0.209
2.24 71.01 0.104 0.199
2.25 72.67 0.105 0.189
2.19 68.59 0.106 0.179
2.04 76.95 0.135 0.169

48 1123 2.94 156.26 0.129 0.229
2.95 169.56 0.139 0.219
2.93 205.61 0.170 0.209
2.87 196.71 0.170 0.199
2.84 225.22 0.199 0.189
2.72 219.12 0.212 0.179
2.49 235.55 0.270 0.169

49 1153 3.72 282.24 0.142 0.259
3.77 313.56 0.153 0.249
3.80 391.02 0.188 0.239
4.08 380.62 0.159 0.219
4.13 430.09 0.175 0.209
4.03 471.79 0.201 0.199
4.02 503.52 0.216 0.189
4.07 423.69 0.177 0.179
3.87 396.99 0.184 0.169
3.59 344.95 0.185 0.159

Continued on next page
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Table C.2 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

3.47 227.88 0.131 0.149
50 1178 4.49 565.88 0.191 0.266

4.76 513.12 0.154 0.249
4.75 593.39 0.179 0.239
4.80 629.36 0.186 0.229
4.78 709.00 0.211 0.219
4.84 679.54 0.197 0.209
4.88 619.99 0.177 0.199
4.72 487.47 0.149 0.189
4.57 567.45 0.185 0.179
4.47 354.53 0.121 0.169
4.10 484.23 0.196 0.159

51 1096 1.84 52.80 0.114 0.266
1.87 62.49 0.130 0.259
1.93 69.17 0.135 0.249
2.07 60.96 0.104 0.229
2.14 76.68 0.122 0.219
2.17 69.30 0.107 0.209
2.21 77.60 0.116 0.199
2.28 77.05 0.108 0.189
2.32 86.39 0.117 0.179
2.38 89.56 0.115 0.169
2.40 82.16 0.104 0.159
2.38 91.00 0.117 0.149

53 1125 3.85 186.36 0.089 0.259
3.96 229.79 0.104 0.249
4.13 236.09 0.098 0.229
4.17 238.13 0.097 0.219
4.26 278.57 0.109 0.209
4.29 348.94 0.135 0.199
4.45 320.84 0.116 0.179
4.41 355.48 0.130 0.169
4.13 294.93 0.123 0.159

54 1162 4.75 278.18 0.085 0.266
4.86 334.00 0.097 0.259
4.88 376.65 0.109 0.249
5.20 370.57 0.094 0.229
5.35 369.83 0.089 0.219

Continued on next page
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Table C.2 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

5.46 442.65 0.102 0.209
5.37 519.24 0.124 0.199
5.35 559.72 0.135 0.189
5.42 503.85 0.118 0.179
5.24 439.56 0.110 0.169

55 1239 2.85 179.20 0.143 0.259
2.96 231.55 0.171 0.239
3.08 211.29 0.144 0.219
3.12 271.63 0.180 0.209
3.10 312.84 0.211 0.199
2.95 313.09 0.233 0.189
2.85 256.27 0.203 0.169

56 1287 3.70 394.42 0.179 0.259
3.72 404.50 0.182 0.249
3.80 455.56 0.196 0.239
3.87 453.13 0.188 0.229
3.99 486.45 0.190 0.219
3.79 308.16 0.133 0.179
3.67 382.78 0.177 0.169

57 1262 4.51 761.37 0.237 0.266
4.80 624.83 0.172 0.249
4.82 660.22 0.180 0.239
4.81 611.39 0.167 0.229
4.89 711.75 0.189 0.219
4.99 673.96 0.172 0.209
4.99 611.58 0.156 0.199
4.96 578.72 0.149 0.189

58 1361 2.81 215.62 0.161 0.259
2.97 275.88 0.184 0.249
3.04 360.24 0.229 0.239
2.99 329.72 0.216 0.229
3.27 300.86 0.165 0.209
3.22 265.22 0.150 0.189
3.22 327.05 0.185 0.169

59 1419 3.56 544.54 0.242 0.266
3.74 448.36 0.181 0.259
3.60 748.08 0.325 0.249
3.86 708.40 0.268 0.229

Continued on next page
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Table C.2 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

3.81 758.60 0.294 0.219
3.68 870.38 0.362 0.209
3.77 692.34 0.275 0.199
3.88 672.31 0.251 0.179
3.93 818.96 0.300 0.169

Table C.2: Results experiments on Geba
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Begin of Table C.3 Results experiments on Dorsilit

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m
61 1115 3.30 137.15 0.090 0.239

3.37 137.24 0.087 0.229
3.33 163.87 0.106 0.219
3.29 173.58 0.115 0.209
3.44 176.67 0.107 0.199
3.42 86.78 0.053 0.189
3.39 189.50 0.118 0.179

62 1175 3.83 234.11 0.109 0.259
3.37 225.71 0.136 0.249
3.78 337.95 0.161 0.229

63 1230 4.88 547.84 0.150 0.266
4.83 465.17 0.130 0.259
4.95 453.25 0.120 0.219
5.07 275.45 0.070 0.209
4.90 484.32 0.131 0.199
4.11 494.06 0.190 0.179

64 1113 3.41 156.70 0.097 0.209
3.29 174.82 0.116 0.199
3.32 174.72 0.114 0.189
3.30 154.24 0.102 0.179
3.23 141.03 0.097 0.169
3.12 182.00 0.134 0.159
2.97 178.29 0.146 0.149

65 1142 3.88 356.27 0.166 0.259
3.98 271.30 0.120 0.249
4.01 230.43 0.100 0.239
4.08 233.30 0.098 0.229
4.13 210.01 0.086 0.219
4.16 229.28 0.093 0.209
4.11 188.66 0.078 0.199
4.13 183.21 0.075 0.189
4.20 137.08 0.054 0.179

66 1214 4.54 343.79 0.110 0.249
4.64 491.43 0.150 0.239
4.47 182.18 0.060 0.229
4.47 540.20 0.178 0.219
4.53 414.21 0.133 0.209
4.17 489.45 0.186 0.199

Continued on next page
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Table C.3 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

4.24 861.87 0.316 0.189
4.45 817.49 0.273 0.179
4.40 436.17 0.148 0.169
4.42 628.71 0.212 0.159
4.59 556.44 0.174 0.149

67 1144 3.95 193.69 0.087 0.219
3.89 144.84 0.067 0.209
3.81 215.07 0.104 0.199
3.99 297.10 0.131 0.189
3.89 156.22 0.072 0.179
3.90 287.39 0.132 0.169
3.94 283.11 0.127 0.159
3.80 307.71 0.149 0.149
3.59 371.35 0.201 0.129

68 1121 4.28 242.04 0.094 0.219
4.38 292.31 0.109 0.209
4.37 343.35 0.128 0.199
4.37 304.41 0.114 0.189
4.47 467.17 0.167 0.179
4.56 390.02 0.134 0.169
4.44 381.10 0.138 0.159
4.46 440.22 0.158 0.149

69 1176 4.72 373.64 0.114 0.259
4.81 330.15 0.097 0.249
4.83 364.41 0.106 0.239
4.97 501.93 0.138 0.229
4.85 495.93 0.144 0.219
5.03 622.16 0.167 0.199
5.05 587.43 0.157 0.189
5.20 592.85 0.149 0.179
5.11 679.23 0.177 0.169
5.15 822.72 0.211 0.159
5.23 677.29 0.168 0.149

70 1242 3.61 199.21 0.099 0.189
3.38 192.10 0.108 0.169
3.41 322.18 0.178 0.149
3.29 420.78 0.251 0.129

71 1270 4.00 222.25 0.088 0.219

Continued on next page
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Table C.3 continued from previous page

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m

4.47 278.44 0.088 0.179
4.12 318.46 0.118 0.169

72 1282 4.83 608.26 0.163 0.266
4.72 553.10 0.155 0.259
4.78 661.69 0.181 0.239
4.46 420.07 0.132 0.219
4.60 541.31 0.160 0.209
5.39 520.21 0.112 0.189

74 1386 3.85 664.78 0.259 0.266
3.63 683.04 0.299 0.259
4.12 431.73 0.147 0.249
4.23 323.47 0.105 0.229
4.47 418.42 0.121 0.219
4.11 509.65 0.174 0.199
4.18 505.60 0.167 0.189
4.02 455.37 0.163 0.169
4.12 381.63 0.130 0.149
4.66 484.29 0.129 0.129

75 1426 4.70 614.39 0.156 0.249
82 1217 4.51 449.24 0.145 0.259

4.63 373.69 0.114 0.249
4.66 516.35 0.156 0.239
4.56 373.76 0.118 0.229
4.44 541.48 0.180 0.219
4.31 645.30 0.229 0.209
4.46 648.72 0.214 0.199
4.60 603.02 0.187 0.189
4.69 479.44 0.144 0.179
4.46 694.57 0.229 0.169
4.46 475.25 0.157 0.159
4.48 676.43 0.221 0.149

83 1383 4.37 663.69 0.201 0.229
4.84 391.89 0.097 0.209
4.68 389.36 0.103 0.199
4.54 731.66 0.205 0.179

Table C.3: Results experiments on Dorsilit
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Begin of Table C.4 Results experiments on Silverbond

Exp. Density Flow Shear Friction Flow
no. flow velocity stress coefficient height
- kg/m3 m/s Pa − m
76 1093 1.81 24.87 0.055 0.266

1.79 32.30 0.074 0.259
1.71 35.21 0.088 0.249
1.64 31.85 0.087 0.239

78 1090 1.88 213.57 0.442 0.219
2.27 121.15 0.172 0.189

79 1103 1.55 8.16 0.024 0.259
1.60 9.93 0.028 0.249
1.63 10.32 0.028 0.239
1.68 10.97 0.028 0.229
1.74 11.44 0.027 0.219
1.75 15.44 0.036 0.209
1.77 13.01 0.030 0.199

80 1071 1.90 12.05 0.025 0.249
1.91 20.45 0.042 0.239
1.96 31.29 0.061 0.229
1.94 40.82 0.081 0.219
1.88 45.97 0.097 0.209
1.96 53.06 0.103 0.199

81 1076 2.51 43.00 0.051 0.266
2.51 46.01 0.054 0.259
2.56 56.14 0.064 0.249
2.55 78.20 0.090 0.239
2.56 108.88 0.124 0.219
2.82 80.59 0.075 0.199

88 1086 4.00 152.20 0.070 0.266
3.99 266.47 0.123 0.249
4.13 118.44 0.051 0.239
4.03 187.04 0.085 0.219
3.80 243.84 0.125 0.209

89 1148 5.18 103.95 0.027 0.266
4.91 127.59 0.037 0.259
5.06 256.51 0.070 0.239
5.08 243.38 0.066 0.229
5.08 404.14 0.109 0.219

Table C.4: Results experiments on Silverbond
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Results experiments pick-up
flux versus bed shear stress

The data of the experiments giving reliable results for the pick-up flux and bed shear
stress are presented per sand type in Tables D.1, D.2, D.3 and D.4. The following
data are presented:

• Exp. no.: number of experiment;

• Relative density: average density of the sand bed between two conductivity
probes;

• Flow velocity: depth-averaged flow velocity;

• Density flow: average density of the eroding flow during the whole erosion
experiment at the location of the conductivity probes based on the average
density of the eroding inflow of water and effect of the average pick-up flux on
the density of the eroding flow;

• Erosion velocity: rate with which the erosion front moves down between two
consecutive conductivity probes;

• Pick-up flux: calculated pick-up flux between two erosion moments;

• Shear Stress: bed shear stress as derived from the hydraulic pressure gradient
measurements.
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Begin of Table D.1 Results experiments on Zilverzand

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa
25 0.28 3.29 1088 0.0119 21.21 168.31

0.32 3.36 0.0118 21.20 207.59
0.34 3.37 0.0101 19.66 226.08
0.32 3.30 0.0116 21.08 240.73
0.14 2.98 0.0090 18.15 181.51

26 0.18 2.36 1107 0.0047 14.34 38.35
0.21 2.40 0.0054 15.07 35.22

27 0.18 2.88 1095 0.0256 33.29 191.43
0.27 2.92 0.0294 37.41 191.79
0.30 3.00 0.0250 33.52 250.41
0.21 2.92 0.0125 21.54 209.71

28 -0.01 3.94 1180 0.0610 56.04 331.60
0.02 4.07 0.0781 69.65 231.65
0.10 4.00 0.0130 20.15 287.88
0.21 3.53 0.0568 56.20 235.10

30 0.79 2.49 1104 0.0016 11.73 89.82
0.78 2.57 0.0021 12.35 104.49
0.77 2.50 0.0034 13.84 114.77
1.14 2.53 0.0038 14.57 146.98

31 0.62 3.27 1115 0.0093 19.94 165.41
0.65 3.36 0.0056 16.11 162.47
0.69 3.34 0.0063 16.86 189.17
0.68 3.39 0.0070 17.61 256.45
0.75 3.52 0.0094 20.45 294.12
0.70 3.33 0.0066 17.24 371.98

32 0.65 4.54 1189 0.0154 24.39 336.96
0.68 4.52 0.0200 28.80 395.45
0.70 4.47 0.0217 30.54 504.18
0.71 4.34 0.0221 30.93 604.42
0.70 4.43 0.0347 42.62 672.32
0.67 4.25 0.0181 26.96 671.86

33 0.67 5.74 1201 0.0263 35.04 1041.64
0.68 5.73 0.0568 64.00 992.12
0.69 5.80 0.1316 134.79 1178.91
0.69 5.91 0.0575 64.65 1270.57

34 0.53 2.50 1067 0.0022 11.85 83.63
0.54 2.45 0.0045 14.44 92.52
0.51 2.49 0.0035 13.32 104.41

Continued on next page
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Table D.1 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa

0.34 2.44 0.0044 14.14 139.74
35 0.48 3.12 1104 0.0052 14.79 162.98

0.48 3.06 0.0076 16.92 193.84
0.48 3.04 0.0192 27.40 204.38
0.47 3.10 0.0154 23.93 228.17
0.49 2.85 0.0152 23.77 402.79

36 0.45 4.34 1166 0.0200 27.68 480.38
0.42 4.23 0.0172 25.14 587.35
0.36 4.14 0.0169 24.59 841.89
0.49 3.76 0.0510 55.46 810.44
0.74 3.51 0.0455 53.54 414.59

37 0.51 4.49 1189 0.0198 28.71 484.11
0.53 4.73 0.0153 24.56 456.99
0.55 4.63 0.0216 30.64 671.3
0.56 4.62 0.0321 40.52 889.13
0.54 4.61 0.0327 40.94 980.79
0.44 4.78 0.0400 46.81 739.45
0.41 4.51 0.0279 35.48 653.03
0.57 3.03 0.0331 41.62 524.29

39 0.51 4.23 1309 0.0377 41.08 591.34
0.42 4.51 0.0488 49.01 383.25
0.39 4.54 0.0169 23.48 711.57
0.41 4.70 0.0294 33.45 1023.39
0.37 4.12 0.0400 41.52 819.31
0.52 4.11 0.0294 34.30 626.81

40 0.51 4.64 1290 0.0180 24.08 415.88
0.48 4.68 0.0391 40.67 483.92
0.45 4.64 0.0355 37.48 356.26

41 0.45 4.05 1466 0.0121 18.66 409.28
0.42 3.67 0.0114 18.00 788.88

42 0.60 4.61 1447 0.0147 21.22 641.41
0.36 4.74 0.0187 23.13 1238.55
0.33 4.45 0.0270 28.89 1436.81

Table D.1: Results experiments on Zilverzand
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Begin of Table D.2 Results experiments on Geba

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa
46 0.14 5.11 1170 0.0147 14.07 423.63

0.17 5.08 0.0131 13.00 506.13
0.18 4.95 0.0463 39.32 460.96
0.19 5.08 0.2174 174.92 462.62
0.18 4.95 0.0216 19.73 403.41
0.16 4.67 0.0273 24.13 272.16
0.13 4.42 0.0224 20.04 295.81

47 0.32 1.97 1088 0.0035 6.16 42.79
0.41 2.01 0.0088 11.47 68.74
0.43 2.09 0.0045 7.29 61.74
0.42 2.18 0.0032 5.98 66.31
0.40 2.24 0.0051 7.83 71.01
0.31 2.19 0.0035 6.17 68.59
0.27 2.04 0.0035 6.07 76.95

48 0.40 2.94 1123 0.0082 10.39 156.26
0.43 2.95 0.0101 12.26 169.56
0.45 2.93 0.0177 19.44 205.61
0.43 2.87 0.0110 13.08 196.71
0.33 2.72 0.0092 11.06 219.12
0.27 2.49 0.0129 14.12 235.55

49 0.36 3.72 1153 0.0174 18.87 282.24
0.34 3.77 0.0177 19.08 313.56
0.46 4.08 0.0227 24.62 380.62
0.51 4.13 0.0139 16.41 430.09
0.55 4.03 0.0136 16.27 471.79
0.51 4.07 0.0253 27.50 423.69
0.45 3.87 0.0155 17.66 396.99
0.38 3.59 0.0229 24.15 344.95
0.33 3.47 0.0198 20.94 227.88

50 0.42 4.49 1178 0.0158 17.07 565.88
0.32 4.76 0.0148 15.58 513.12
0.37 4.80 0.0152 16.28 629.36
0.38 4.78 0.0275 27.12 709
0.37 4.84 0.0485 45.44 679.54
0.33 4.88 0.0233 22.98 619.99
0.27 4.57 0.0521 46.70 567.45
0.25 4.47 0.0236 22.57 354.53
0.23 4.10 0.0233 22.16 484.23

Continued on next page
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Table D.2 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa
51 0.70 2.07 1096 0.0020 5.06 60.96

0.74 2.14 0.0020 5.08 76.68
0.76 2.17 0.0022 5.42 69.3
0.77 2.21 0.0023 5.43 77.6
0.76 2.32 0.0035 6.94 86.39
0.75 2.38 0.0050 8.63 89.56
0.76 2.40 0.0044 7.92 82.16
0.77 2.38 0.0037 7.14 91.00

53 0.62 3.85 1125 0.0091 12.15 186.36
0.62 3.96 0.0095 12.54 229.79
0.68 4.13 0.0106 13.94 236.09
0.70 4.17 0.0194 23.33 238.13
0.71 4.26 0.0117 15.20 278.57
0.72 4.29 0.0104 13.84 348.94
0.75 4.45 0.0153 19.31 320.84
0.74 4.41 0.0181 22.28 355.48
0.67 4.13 0.0151 18.62 294.93

54 0.75 4.75 1162 0.0123 15.81 278.18
0.70 4.86 0.0090 12.23 334.00
0.69 4.88 0.0107 13.90 376.65
0.75 5.20 0.0313 36.02 370.57
0.78 5.35 0.0186 22.75 369.83
0.80 5.46 0.0126 16.42 442.65
0.80 5.37 0.0149 18.87 519.24
0.79 5.42 0.0338 39.21 503.85
0.79 5.24 0.0203 24.67 439.56

55 0.52 3.08 1239 0.0109 11.78 211.29
0.54 3.12 0.0061 7.77 271.63
0.53 3.10 0.0140 14.45 312.84
0.45 2.85 0.0075 8.76 256.27

56 0.34 3.72 1287 0.0154 15.33 404.5
0.37 3.87 0.0833 71.34 453.13
0.36 3.99 0.0207 19.72 486.45
0.25 3.79 0.0161 15.4 308.16
0.26 3.67 0.0455 38.36 382.78

57 0.39 4.81 1262 0.0313 27.09 611.39
0.41 4.89 0.0431 36.59 711.75
0.41 4.99 0.0357 30.76 673.96

Continued on next page
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Table D.2 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa

0.39 4.99 0.0181 16.82 611.58
58 0.37 2.81 1361 0.0050 6.52 215.62

0.37 2.97 0.0114 11.38 275.88
0.47 2.99 0.0057 7.3 329.72
0.48 3.27 0.0103 11.02 300.86
0.33 3.22 0.0096 9.87 327.05

59 0.34 3.74 1419 0.0179 15.27 448.36
0.34 3.60 0.0095 9.31 748.08
0.43 3.86 0.0159 14.34 708.4
0.46 3.81 0.0159 14.52 758.6
0.46 3.68 0.0179 16.04 870.38
0.44 3.77 0.0357 29.25 692.34
0.36 3.88 0.0220 18.31 672.31
0.32 3.93 0.0177 14.97 818.96

Table D.2: Results experiments on Geba
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Begin of Table D.3 Results experiments on Dorsilit

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa
61 0.09 3.37 1115 0.0015 23.14 137.24

-0.06 3.33 0.0096 28.76 163.87
-0.11 3.29 0.0135 31.28 173.58
-0.09 3.44 0.0135 31.36 176.67
0.00 3.39 0.0074 27.31 189.50
-0.02 2.90 0.0154 32.98 313.83
-0.18 1.57 0.0196 35.03 209.72

62 -0.08 3.37 1175 0.0227 35.91 225.71
-0.19 3.78 0.0362 42.99 337.95

63 0.40 4.88 1230 0.0225 40.41 547.84
0.44 4.83 0.0307 47.22 465.17
0.58 4.95 0.0131 33.64 453.25
0.47 5.07 0.0290 46.14 275.45
0.35 4.90 0.0488 60.50 484.32
0.19 4.11 0.0169 34.93 494.06

64 0.30 3.41 1113 0.0078 27.75 156.70
0.34 3.29 0.0117 30.83 174.82
0.40 3.30 0.0077 27.96 154.24
0.42 3.23 0.0134 32.45 141.03
0.45 3.12 0.0138 32.84 182.00
0.48 2.97 0.0107 30.49 178.29

65 0.09 3.88 1142 0.0183 35.40 356.27
0.08 3.98 0.0148 32.88 271.30
0.14 4.08 0.0336 46.83 233.30
0.19 4.13 0.0171 35.08 210.01
0.25 4.16 0.0342 48.40 229.28
0.30 4.11 0.0164 35.07 188.66
0.36 4.20 0.0439 57.13 137.08

66 0.13 4.47 1214 0.0592 63.54 182.18
0.17 4.47 0.0885 84.88 540.20
0.20 4.53 0.0260 40.93 414.21
0.23 4.17 0.0541 61.52 489.45
0.27 4.45 0.0388 50.76 817.49
0.27 4.40 0.0877 86.82 436.17
0.26 4.42 0.0926 90.17 628.71
0.24 4.59 0.3226 257.41 556.44

67 0.65 3.95 1144 0.0084 30.12 193.69
0.73 3.89 0.0189 40.05 144.84

Continued on next page
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Table D.3 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa

0.82 3.81 0.0161 37.94 215.07
0.97 3.89 0.0165 39.04 156.22
0.99 3.90 0.0134 36.01 287.39
0.96 3.94 0.0146 37.07 283.11
0.89 3.80 0.0128 35.04 307.71

68 0.72 4.28 1121 0.0127 32.78 242.04
0.80 4.38 0.0203 40.03 292.31
0.88 4.37 0.0159 36.40 343.35
0.99 4.47 0.0360 56.25 467.17
1.01 4.56 0.0275 48.19 390.02
0.99 4.44 0.0225 43.30 381.10
0.95 4.46 0.0193 39.97 440.22

69 0.66 4.72 1176 0.0164 34.67 373.64
0.61 4.81 0.0481 59.31 330.15
0.63 4.97 0.0222 39.10 501.93
0.69 4.85 0.0286 44.61 495.93
0.82 5.03 0.0361 52.15 622.16
0.91 5.20 0.0595 73.61 592.85
0.92 5.11 0.0258 44.09 679.23
0.90 5.15 0.0385 55.01 822.72
0.86 5.23 0.0610 73.95 677.29

70 0.44 3.38 1242 0.0052 26.17 192.10
0.40 3.41 0.0051 26.04 322.18

71 0.33 4.00 1270 0.0134 31.00 222.25
0.45 4.47 0.0385 49.93 278.44
0.44 4.12 0.0403 51.23 318.46

72 0.35 4.46 1282 0.0258 40.92 420.07
0.36 4.60 0.0581 64.93 541.31

74 0.39 4.11 1386 0.0258 38.34 509.65
0.47 4.22 0.0490 55.19 740.54
0.46 4.12 0.0223 36.45 381.63

82 0.31 4.51 1217 0.0270 40.83 449.24
0.28 4.63 0.0344 45.79 373.69
0.28 4.56 0.0263 40.15 373.76
0.30 4.44 0.0235 38.34 541.48
0.34 4.31 0.0833 81.74 645.30
0.39 4.46 0.1064 99.75 648.72
0.47 4.69 0.0262 41.53 479.44

Continued on next page
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Table D.3 continued from previous page

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa

0.49 4.46 0.0781 81.40 694.57
0.50 4.46 0.0495 59.60 475.25
0.48 4.48 0.0901 90.23 676.43

83 0.22 4.37 1383 0.0137 28.83 663.69
0.34 4.84 0.0294 39.13 391.89
0.41 4.68 0.0164 31.33 389.36
0.51 4.54 0.0130 29.50 731.66

Table D.3: Results experiments on Dorsilit
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Begin of Table D.4 Results experiments on Silverbond

Exp. Relative Flow Density Erosion Pick-up Shear
no. density velocity flow velocity flux stress
- - m/s kg/m3 m/s kg/m2 · s Pa
76 -0.14 1.79 1093 0.0064 5.86 32.30

-0.17 1.71 0.0057 5.18 35.21
78 -0.13 1.88 1090 0.0071 5.48 213.57
79 0.72 1.51 1103 0.0005 0.97 5.38

0.52 1.55 0.0006 1.04 8.16
0.22 1.60 0.0009 1.30 9.93
-0.01 1.68 0.0012 1.51 10.97
-0.02 1.74 0.0015 1.79 11.44
-0.05 1.75 0.0026 2.89 15.44
-0.06 1.77 0.0023 2.57 13.01

80 0.09 1.90 1071 0.0013 1.67 12.05
-0.03 1.96 0.0039 4.21 31.29
-0.03 1.94 0.0015 1.77 40.82
-0.05 1.88 0.0139 14.04 45.97
-0.11 1.96 0.0033 3.47 53.06

81 0.62 2.51 1076 0.0015 1.99 43.00
0.38 2.51 0.0068 7.42 46.01
0.14 2.56 0.0042 4.32 56.14
0.01 2.56 0.0026 2.64 108.88
-0.07 2.82 0.0024 2.38 80.59

88 0.65 4.00 1086 0.0039 4.88 152.2
0.21 3.99 0.0118 12.08 266.47
0.08 4.10 0.0069 6.86 214.7
0.08 4.03 0.0085 8.43 187.04

89 0.60 5.18 1148 0.0055 6.68 103.95
0.35 4.91 0.0099 10.72 127.59
0.03 5.08 0.0129 12.19 243.38
0.08 5.08 0.0131 12.68 404.14

Table D.4: Results experiments on Silverbond



E
Relation between

concentration gradient,
pick-up flux and apparent

bed friction
This appendix shows several results of the erosion experiments as discussed in 8.
Figure E.1 shows the relation between the concentration gradient over 0.01 and 0.02
meter above the erosion front and the pick-up flux for all sand types and at different
densities of the eroding fluid.

Figure E.2 shows the relation between the apparent bed friction and pick-up flux
for all sand types and different densities of the eroding fluid.
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E. Relation between concentration gradient, pick-up flux and

apparent bed friction
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Figure E.1: Concentration gradient over 0.01 and 0.02 meter above erosion front as function of the
pick-up flux. Note negative values for the concentration gradient are not shown and the maximum
concentration gradient at the y-axes of the left and right figures are not equal
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Figure E.2: Relation between bed friction and pick-up flux





F
Influence relative density on

pick-up flux
Figure F.1 shows the pick-up flux as function of the depth-averaged flow velocity,
bed shear stress and relative density for different sand types at a larger scale than
presented in Figure 8.17.
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Figure F.1: Pick-up flux as function of the depth-averaged flow velocity, bed shear stress and
relative density for different sand types (density eroding flow between 1060 and 1205 kg/m3)



G
Influence grain size on

pick-up flux
Figure G.1 shows the pick-up flux as function of the depth-averaged flow velocity
and grain size at a larger scale than presented in Figure 8.23.
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Figure G.1: Pick-up flux as function of the depth-averaged flow velocity and grain size at a different
relative density (Rn) for all experiments with a density of the eroding flow of between 1060 and
1205 kg/m3



H
Comparison results

experiments and model
pick-up flux

Figure H.1 shows a comparison between the model and the results of the experiments
at different relative densities at a larger scale than presented in Figure 8.28.
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Figure H.1: Pick-up flux as function of the depth-averaged flow velocity for different sand types
and relative density for all experiments with a density of the eroding flow of between 1060 and
1205 kg/m3 compared to the pick-up flux model
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