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Abstract

To predict the changes of natural systems like aestsl and tidal lagoons as a
consequence of human interferences often numenocalels are applied. An important
aspect is the erosion and transport of sedimenerefbre, these models require
formulations that describe the erosion of the sedinbed consisting of sand, mud and
organic matter. A physically founded and validapgdcess-based description of these
mixed sediments is still missing. Recently, a tleéoally derived formulation for erosion
of mixed sediments has been proposed. Howeveepwalidation of this new formula
is lacking. Therefore, a systematic study has hewtertaken. First, studies have been
executed to investigate the individually physicadgerties in this formula. Next, erosion
tests have been executed on a large number ofngasample compositions using a
straight, re-circulating flume. The effect of sedimh structures and cohesiveness of the
sediment bed has been investigated, from whicméwe formulations could be qualified.
However, this experimental set-up was relativelyaknwith possible large influences of
e.g. boundary effects. Therefore, another setadien experiments had to be carried out
to supplement the results of the mentioned tests.

The objective of this study was to quantify the hewefined theorem for the
erosion behavior of sand-mud mixtures. The experimeavere carried out on three
different artificially generated sand-silt-clay rhixkes, using a large annular flume. The
mixtures were homogeneously mixed and 100% sathratel, subsequently, placed in
the flume. A unidirectional flow was generated loyating the top-lid and the flume in
opposite directions. The flow-induced shear stegsear the bottom were varied by
increasing the rotational speeds step by step. #fsemwation on the erosion behavior of
the beds was carried out, as well as the measuterhéine concentration of suspended
fines over the vertical. Due to the occurring se@g currents, the eroded sand
accumulated along the outer bend of the flume. @&@iecting this the amount of eroded
sand was quantified. The shear stresses near tt@wrbwere not measured directly, but
were determined by means of a large eddy simulatiodel.

The results show two parts regarding the erosidratier of the mixtures. Before
the complete failure of the bed (part 2), differembdes of erosion were identified in
which only small amounts of material were erodeatt(i). Mainly due to the placement
of the bed, the bed strength was slightly varyinghie upper part of the sediment bed
concerning both the horizontal as the vertical diom. In this first part floc erosion
occurred for the fines. Sand was transported asldedl as well as in the sheet flow
regime. For this part, the concentration of erofleds showed a typically non-linear
increase as usually occurred for erosion tests wéposited beds. Several possible
explanations for this unexpected behavior are dsed.

For part 2, surface erosion was observed, duringclwkhe concentration was
increasing linearly with time. The erosion ratefasction of bed shear stresses revealed
that the threshold of erosion for samples with adssilt skeleton was relatively high,
while the threshold for the sample with the claytevanatrix was lower. A transition in
erosion behavior was observed when regarding th&ar parameters for both fines and



sand. This transition occurred for a plasticityegrdf around seven, which agrees well
with the transition in mechanical behavior for salminated to clay-dominated
sediment as found in previous empirical geotechsicalies.
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1. Introduction
1.1 Background

Marine wetlands as encountered in estuaries ana tmboons are valuable
ecosystems. The use and management of these wedaedestricted by national and
international law and regulation. Human activitigsich have an impact on these areas,
therefore, require measures to compensation. Exaargdlsuch human activities are gas
mining in the Wadden Sea or the deepening of thewdy towards Antwerp
(Westerschelde). To design required compensatirggumes, it is essential to predict the
consequences of such interferences at a suffileeat of confidence. This is difficult, as
these systems are characterized by complicatedaattens between hydrodynamics,
morphology and biology. For this reason, largessagaimerical models are applied to
predict the behavior of these systems. These madejgire detailed formulations to
describe determining processes. An ongoing resaafdherefore, executed to improve
the accuracy of such formulations in relation witltese small-scale processes. An
example is the formulation describing the erosiehdvior of mixed sediments.

1.2 Problem description

In estuaries and lagoons often a mixture of samtimand is found. Therefore, the
understanding of the erosion behavior of these unest is important. Most of existing
erosion formulations deals with sand and mud asara#p fractions. For sand the
dominant stabilizing force results from the weightt the individual particles. For
cohesive beds, the stabilizing force is predomiyastermined by the cohesiveness of
the mud fraction. The relevant properties for tbbeasiveness of mud are e.g. chemical
composition of the pore water and the structurahpasition of the bed. As sand and mud
influence erosion behavior differently, it is notoperly to combine the individual
formulations for sand and mud to determine a foatioih for the erosion of a mixture.

Most commonly used erosion formulations for mixestliments have limited
physical background and are highly empirical. Has treason, a physically founded
erosion formulation for sand-mud mixtures has bemveloped by van Kesteren
(Winterwerp and van Kesteren, 2004). This formolatihas to be validated
experimentally. First, the occurring physical paetens in these new formulations have
been studied for varying mixtures of sand and ndatdbs et al., 2005, 2006). The next
step in validating this formulation was to studg #rosion behavior of mixed sediments.
The Erodimetre erosion device at Ifremer was afplie test a large variety of
compositions. However, the erosion surface of gname in this flume was relatively
small, which might influence the accuracy of theamgement e.g. due to boundary
effects.Therefore, in this study an annular flume is usadefosion tests as this type of
flume enables large quantity of sediment sampleettested. Moreover, an annular flume
has an advantage for an infinite length of sedimgarnple, which means that no
boundary effects would occur.



1.3 0ODbjective

The main aim of this study is to perform erosiostgewith the annular flume in
order to attain a result which can be used to a#idhe erosion formula. During the
erosion tests, different sand-silt-clay samplesaatiicially generated and placed in the
flume. Using different sediment compositions, tlitect of the dominating structure on
the erosion behavior can be studied. A tangerbal fs generated and increased step-by-
step to enhance erosion of the bed. By measurm@utiount of eroded sediment in time
it is possible to determine the critical bed sh&agss for erosion as well as the erosion
rate.

1.4 Outline of thethesis

In Chapter 2 a general description of the compmsitstructure and geotechnical
parameters of mixed sediment beds is given. Exjsiimmulations for sand, mud and
sand-mud mixtures, as well as the newly proposedi@n formulation are presented as
well. Chapter 3 deals with the methods as applwethis study. Chapter 4 presents the
results of all erosion tests. The measured velagstywell as simulated velocity is also
presented. Chapter 5 discusses the results of mb&ioe tests. In Chapter 6 the
conclusions and recommendations for further studydascussed.



2 Literature study

2.1 General description of sand-mud mixtures

Sediments originate from the weathering of rocKkseyl exhibit a variety of sizes,
shapes and materials. In general, there are senegtilods to classify sediments, for
example based on the physical appearance and/ormiheralogy. The physical
appearance varies between large, round bouldesmatl sheet-like colloidal fragments,
while on the mineralogy can be referred to two ingnat mineral types; quartz and clay.

Different mineralogy as well as its quantity deteres whether the sediments
exhibit (non) cohesive behavior. This is importdot the understanding of erosion,
transport and deposition. A granular structureoisishant for non-cohesive sediments and
do not form a coherent mass, whereas cohesive satinstick together as a coherent
mass due to both electro-chemical interactions thiedundrained behavior. Sediment
dominated by quartz has no cohesive propertiesreasesediments with sufficient clay
content exhibit cohesive behavior. Apart from thegical appearance and mineralogy,
the organic component is another important factluéncing the cohesive properties of
sediments.

The structure of sediments is treated as a critedetermining the cohesive
properties of sediment mixtures. This classificaties very important for the
understanding of erosion of sediments. In pringigend-mud mixtures can exhibit two
sediment structures; (1) sand-silt skeleton (2y-vlater matrix. These two sediment
structures are used to classify the cohesive ptiegeof sediment mixtures. For non-
cohesive sediments, a granular structure is preggosion depends on the grain size,
permeability and density of sediments. For coheseéiments, a clay-water matrix is
dominant. Its behavior is dominated by the cohesgs of the clay fraction.

2.1.1 Composition of sediments

As mentioned, natural sediments exist of a vargdtgizes, shapes and materials.
One of the simplest ways to classify sediments/isdnsidering the specific particle size.
For this reason, the diame(d) is used (see Table 2.1).

Min. d (mm) Max. d (mm)

Colloidal - 0.0001
Clay - 0.002
Silt 0.002 0.063
Mud - 0.063
Sand 0.063 2.0
Gravel 2.0 63.0
Cobble 63.0 -

Table 2.1 Variety of sizes of sediments, as preisenature, is classified firstly by the metric kca

As sediment is in general not unimodal but a mextutr can be characterized by a
density function of the grain size or by a cumwiatcurve. Figure 2.1 shows an example



of a density function and cumulative distribution.this way one can define the mean,
median and standard deviation:

Median diameter (d,,) : the size at which 50% of the sediments is fineweight.

Mean diameter (d,): the weighted average of the dry weight of sevéaadtions with
grain size(d,)

Standard deviation(g,): the length on the x-axis of the frequency disttitn curve
between the gland the . Low o, indicates uniform and well sorted sediments, wigerea
high g, indicates that the grains are scattered over @erahdifferent size classes.
Uniformity coefficient (C,) : a non-statistical measure which is used for sedimthat
do not follow a normal distribution curve.
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Figure 2.1: Cumulative distribution and frequendstribution (Raudkivi, 1990).

Grain size

In sedimentology the sand-silt-clay triangles asmxmonly used for a classification
based on the grain size distribution. Although mamgngles are only qualitative, an
improved triangle (see Figure 2.2), which enabhesdassification in a more quantitative
way, was proposed by Van Leddetal. (2003).
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Figure 2.2: Classification of sediment based orraingsize distribution, the so-called sand-siltycla
diagram, after Van Ledden (2003).

Concerning the organic composition, especially udimhey consist of particulate
or dissolved organic matter. Neutral (non-ionicytigées or poly-saccharides play an
important role in adsorbing to clay particles (Véinterp and Van Kesteren, 2004). The
absorption of organic material is a result of tb#ofving intermolecular bonding: Van
der Waals forces (dispersion forces and dipoled{dipteractions) and hydrogen bonding.
Large flocs, which bind water molecules, may be egated due to dipole-dipole
interactions between electro negatively charged cfanerals and polymer strings.
Hydrogen bonding is less significant in estuaries tb the presence of numerous ions
(salt water). This reduces the influence of thegaf electrons of the oxygen in the water
molecules.

Cohesion of sediments can be characterized in ypest first the cohesion due to
organic matter and next the cohesion due to theiptychemical interactions between
clay particles. The latter type is also definedraal’ cohesion. The cohesion between
clay particles is a result of substitution withimetsheets of clay particles. Positively
charged cations in the pores are attracted by ivegiatharged cations at the surface of
the particles. On the contrary, these positiveocatialso tend to diffuse away from the
particles to the lower concentration in the poretenaThis process results in the
formation of a cloud of cations around clay paes;lso called the diffusive double layer.
The attraction of sediment particles depends onthiekness of this diffusive double
layer and the concentration of the clay particlesaddition, (clay) particles can also
behave cohesive when the time scale of re-locgiargjcles is short related to the time
scale of the replacement by water. Vacuum is geéeerahen this replacement is slow.
The resistance against the occurrence of the vaguelas cohesive behavior. This type
of cohesion is called ‘apparent’ cohesion, andlmaseen in i.e. silty sediments.

Sediment behavior can be characterized using a lggsatechnical measure, so
called the Atterberg limits. First, the liquid lib@¢V, ) defines the transition from plastic

to liquid behavior, and then the plastic lifW,, ) defines the transition from solid to

11



plastic behavior. Obviously, these two parametezgdafined in terms of water content of
the sediment. The difference between these two steisndefined as the plasticity

index(W, )
W, =W, - W, (2.1)

Mitchell (1976) proposed a correlation between tpissticity index and several
parameters of clay (see equation (2.2);

WPI = A(‘:(d _C(d,o) (2-2)

whereA is the activity of the clay mineraf, the clay content by dry weight agg,the

so-called offset of the clay content (dry weigld) €ohesive behavior. It was found that
this offset for sand-mud mixtures is about 5 — 1C@I#y content in natural sediments
(Mitchell, 1976). This range of offset was alsoridby Dyer (1986) and Raudkivi (1990)
as the minimum clay content required for a natbeal to have cohesive properties.
Regarding equation (2.2), for a sample with clayteat lower tharf,,, no

cohesive behavior occurs; water is bounded by pkyicles and thus permeability is
reduced, but sand/silt skeleton still dominatesisttexhibits non-cohesive behavior.
Despite the same density, samples may have ditfenechanical behavior, i.e. erosion,
permeability or shear strength due to the diffenetations between free and bonded
water. It is then clear that sediment density alcaenot classify sediment mixtures. The
solution in soil mechanics is to relate the Attegokmit to the water content, resulting in
dimensionless water content, so-called the liquititdex (Mitchell, 1976);

= W-W, (2.3)
W - W,
whereW,, is the liquidity index. This term is used to comgaamples with different clay

contents, clay minerals and water contents. Howether determination requires some
extrapolation which makes it inaccurate. For tieigson, the relative water cont@f, )

is applied;

erel = ﬂ (2.4)
WPI

This relative water content reflects the relatiatween the water content of the clay

fraction and water in the pores. According to Jac(#906), the determination of a grain

size distribution is not straightforward. Thus,stimakes the relative water content as a
more appropriate term to be used to classify sealis@mples a§, is not required.

2.1.2 Structural classification

In sand-mud mixtures, the properties such as theesteeness and sediment
structures are determined by inter-particle foreesl pore size distribution. For the
sediment highly dominated by large fractions sushsand and silts, non-cohesive
behavior is found despite some clay content irsttiments. The inter-particle forces are
unable to generate a net effect (cohesion) witkeidirsents when the concentration of
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cohesive materials is low. This condition can kessified for its structure as a sand-or
silt-dominated skeleton. The condition for this isgeht structure is illustrated in Figure
2.3 (a). In comparison with cohesive sediment,reedt with this sand-or silt-dominated
skeleton is stiffer due to its mutual contact. Whieere is no contact between these large
fractions, the stiffness becomes zero (see Figude).2Another sediment structure, so-
called a clay-water matrix, is formed when thersufficient amount of clay content. The
sediment with this structure has cohesive behavVibe. cohesive condition is induced by
the attractive forces between clay particles aedctiemical properties of the pore water.

(© (d)
Figure 2.3: Different network structures for sandehmixtures. The sediment highly dominated by
large fractions like sand has a sand-or silt-dotetmhaskeletons with minimum porosity (a) and
maximum porosity (b). Quick sand occurs in (c)lex¢ is no mutual contact between grains. For high
concentration of cohesive materials, the sedimasatahclay-water matrix (d) as the inter-partickeés
generate a net effect (cohesion).

In principle, density depends on the concentratddnthe sediments. For non-
cohesive sediments, the density is determined &ty the sediment grains are packed.
For example, maximum pore volume indicates a Igopacked sediment bed, whereas
minimum pore volume indicates a densely packednsext bed. This relation between
density and porosity of sediments is derived asdltg in the following formula.

The dry density [kg/ffj of a sediment bed is denoted as follows;
pdry = (1_ n)psed = qpseep sel (2.5)

Where o, is the bulk density of sedimemgt, the solid volume concentration amd-]
the porosity is defined as:

VPOFBS - Iosed ~ pwet (2 6)
Vtotal,wet p sed ,0 w

The bulk density, ., of sediment is defined as follows, provided that skediment is fully
saturated.

n=
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Puer = NPy + (1_ n)psed: P W+ (%\ij dn (2.7)
sed

where p,, is 1000 kg/m for fresh water and 1030 kgfrfor salt water.

As porosity depends on the relation between the,ssiit and clay concentration, each
fraction has its own specific porosity. For thisgen, the porosity equations for sand,
silts and sand-mud mixtures are determined difteyefRor the case of a sand skeleton,
l.e. the silt and clay particles are situated ia gores of the sand fraction, the overall
porosity(n,,) can be defined as;

_ Nt +g
n+g +a+a,

=1-¢,@A-n) (2.8)

sa

whereg,, @, and ¢, are the volume concentrations of clay, silt anddsaespectively.
Y., defines the sand fraction;

l//sa = & (2'9)
qased
For a silt skeleton, the overall porosity can bealed as;
_ nh+g  _n+y,Q-n) (2.10)

Si

) n+%l +§03i l_(/lsa(l_ n)
wherey,, is the clay fraction, which is defined as;

w, = @ (2.11)
(osed

The overall porosities for sand and silt above @iqun (2.8) and (2.10)) are
applicable only for lower percentage of sand art isi sediment mixtures (Jacobs,
2006). . A purely sand or a purely silt dominatéglston can be affected once the
percentages of sand and silt in sediment mixtureshggher than 30% and 15% (by
weight), respectively. In such case, the following equations are applied to determine
the porosity.

nsi,max(loo_ (100_ nsi,max wsa )_l//

cl
n_ = for =0-86%
max 100- l//d wsa 0 (2.12)

Max = Ny max — (00— 1, . )A00-¢ , ; for ¢ = 86 — 100 % (2.13)

sa /

As a result of these equations, the minimum andimam porosity of sand-silt
mixtures (see Figure 2.4) are established (Wintggwand van Kesteren, 2004). The
maximum porosityn, . ) can be used as a discriminator between sand-tedasiinated
skeletons and clay-water-dominated skeletons. lk@atea above the maximum porosity
line, sediment fractions are either floating witkie pore water as quick sand or bounded
within a clay-water matrix. For the area in betwéa® maximum and minimum porosity
line, sand and silt are in mutual contact, reflegtio a sand-silt-dominated skeleton.
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Figure 2.4: Minimum and maximum porosity of sanid-siixtures (Winterwerp and Van Kesteren,
2004 and Jacobs, 2006)

The cohesive properties and sediment network sirestcan also be classified with
the sand-silt-clay triangle proposed by Van Led(®#803), as shown in Figure 2.2. In this
figure the horizontal line indicates a minimal ambuof clay as required for plastic or
cohesive behavior (Mitchell, 1976). An average eabfi 7.5 % is used here. The network
structure for a sand and silt dominated structarseiparated from a clay-water matrix
dominated structure by means of the parallel lingke lower-left and lower-right corner
of the triangle. The location of these parallelendepends on the water content. For
example, a triangle with a water content of 50 Yunes é_ of 80 % instead of 67 % for

a water content of 40 %. Another important aspedhis triangle is the dotted diagonal
line, indicating a constant clay-silt ratio. Suchiaéio is found for a specific estuary or
tidal lagoon. Here, a ratio of 0.25 represents $asnps found in the Western Scheldt
estuary in the Netherlands. The possible explandbo a constant clay-silt ratio is that
clay particles entrap silt particles while settli®x textural bed types as indicated in the
triangle by the Roman numbers are explained iretats.

Number Cohesion Network structufe
I No Sand
Il Yes Sand
11 No Mixed
\Y% Yes Clay
V No Silt
VI Yes Silt

Table 2.2: Overview of various bed types.
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2.2 Erosion of sand-mud mixtures

Erosion describes the entrainment of grains oreggges from the bed surface as a
result of bed shear stress. In order to study thsi@ behavior of sand-mud mixtures in
estuaries and tidal lagoon, it is important to watdd the mechanisms of erosion for
different sediment compositions. According to Vaedten et al. (2003) sand erosion is
determined assuming a specific equilibrium situatibhis means that sand deposition
and erosion balances over sediment beds. This imguih depends on the flow
conditions and the sediment characteristics. Orctimdrary, with limitation of mud this
equilibrium only occurs in highly concentrated msuspensions. Therefore, the erosion
formulations for mud beds do not include an equiilim condition, but depend on the
flow conditions and the bed properties.

2.2.1 Erosion of sand

Erosion of non-cohesive beds (sand and/or silteddp on the flow-induced force
and bed properties, i.e. gravity, density and gsame of sand. The flow-induced force
can act upon sand grains in several manners. Fastcurved streamlines, a lower
pressure above a particle is generated. This irsdaceertical lifting force. Second, the
force as a result of flow by means of viscous dkiction and a low pressure behind a
grain generate a drag force. This force usuallg actrizontally on a grain. The last but
important force is shear stress. This force is comgncalled a bed shear strégg . It is
induced as a result of the frictional flow. Theiséag force for erosion in case of non-
cohesive sediments is gravity. This means thastienerged weight, which is a function
of density and size, is the dominant factor.

flow E
—_— Lo Fr

v g

Figure 2.5: Schematic illustration showing both stegbilizing and de-stabilizing forces on sedimgratins.
Fp the drag forcefr, the vertical lifting force anég the gravity force. (Dohmen-janssen, 1999)

A number of erosion formulations for sand existr lustance, an initiation of
motion for sand is proposed by Shields (1936). Edeetbped a theory of the so-called
Shields parameté}, which is defined as a function of the particle Ralgis-numbeR,..

In principle, thig, is based on a force balance as shown in FigureTA& formulation
of Shields is given as;
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o
A PRSI (2.14)

wherere[N/mz] is the critical bed shear stress at the thresbéldrosion,g[m/s’] the

gravitational force and [m] the diameter of the sediment particles. Beebslstress is the
sum of skin friction and drag force. But in equati@.14), only the skin friction part of
the bed-shear stress causes erosion of sedimeath&nsignificant parameter was also
established by Shields, the so-called Reynolds-mumbhis parameter is defined as
follows:

R,

:u*_d =—pwu*d
U n

w w

(2.15)

wherey,, [m?/s] is the kinematics viscosity of water, [m?/s] the dynamic viscosity of
water andl. [m/s] the friction velocity. The relation betwe@pandR, is shown in Figure
2.6. By knowingR, , 6, can be determined and, subsequently, yields thieatrishear
stress of a sediment grain.

T,

(Pos— . il

Fe, = nd
v

Figure 2.6:Shields diagram showing the erosion threshold fanglar sediments (Shields, 1936).

The characteristic for the transport of eroded s#ekends on the bed shear stress.
For a relatively low bed shear stress, the trarisgfagroded sand is dominated by the so-
called bed load transport regime. Sand particlestransported by means of rolling and
jumping over the bed. Consequently, ripples occiernwshear stresses are larger (10% -
20%) than the critical shear stress. For larger diexhr stress, the mode of eroded sand
transport is changed into the so-called sheet flegime. In this transport regime, sand
particles are brought up in suspension as a redulbe particle-particle interactions.
Subsequently, bed forms no longer exist. In adadltio the sheet flow regime erodibility
is not only determined by skeleton structure ofirsedts, but also permeability is
important.
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2.2.2 Erosion of mud

The major difference between the erosion of sarndnand lies in the fact that some
of the resisting forces in cohesive soils are okatirely different nature than those for
cohesionless material, and, furthermore they ateoastant in time (Partheniades, 1965).
As a result of physico-chemical interactions betwekay particles, cohesive beds form a
coherent mass, which is one of the factors regisgthosion. Adhesion between clay and
organic materials acts as a resisting force ageistion. Note that both forces can vary
in time due to physico-chemical processes.

Various modes of erosion for cohesive sediment laee®ntrainment, floc erosion,
surface erosion and mass erosion. The occurreneactf mode depends on geotechnical
properties of a sediment bed (i.e. permeability sinelar strength). In brief, entrainment
occurs when mud acts like a viscous fluid. The ulgbce from water can entrain
particles from the bed, resulting in erosion. Fwosion occurs when flocs are disrupted
from the bed by the induced-flow force. Surfacesemo is similar to floc erosion in terms
of sediment particles being disrupted from the BEte main difference between these
two modes is that for floc erosion,is in the same order of magnitude as the critical

shear stress, while for surface erosinjis above this critical shear stress. Lastly, mass

erosion refers to the condition when lumps of phlet are eroded from the bed. Note that
surface erosion is classified as a drained proagske removed particles can be replaced
by water within the same time scale. For mass engsi is an un-drained process, which
means that the time-scale of particles being remhagsesmaller than that of the water
replacing it.

A typical erosion formula for cohesive sedimentssvmoposed by Partheniades
(1965). He combined several properties of the sedirbed in one single parameter, the
so-called erosion parametdr[kg/m?/s];

(Tb ~ Te)

E:Mr—’ I,>T, (2.16)

e

whereE [kg/m?s] is the erosion rate, which is expressed astibmof the excess bed
shear streqs, —7,). The typical values for the erosion rate for colesediments are

0.01*10° < E < 0.5*10° kg/n'/s, and for the critical shear stress are 0.1 P& $ Pa

(Jacobs, 2006). Equation (2.16) is applied fordhase that the sediment bed is uniform
and the bed shear strength does not change with archure and Mehta, 1985; Zreik
et al., 1998); the erosion rate is constant (Amoal.e 1992; Paterson and Black, 1999).
For this reason, the suspended concentration e$ fian be expected (see Figure 2.7) to
increase linearly with time. In this respect, equat(2.16) is, therefore, defined as an
equation of unlimited erosion (type 1).

Contrary to the previous condition, depth limited tgpe 1l erosion varies with
depth and time due to consolidation, physico-chaheffects or vertical stratification. In
experiments, this condition usually occurs in tlesec of freshly-deposited beds as it
displays strong gradients in strength. In this cts®erosion rate decreases with time and
depth when the applied bed shear stfg3ss reached by the critical shear strggpat a
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certain depth of the bed. Once, the shear stresguial to the critical shear stress € 7,),
erosion will stop (see Figure 2.8).

r 3

Concentration [g/L]

Time [s]

[
! ol

Figure 2.7: Unlimited erosion (type 1): concentoatiof suspended fines as function of time showing a
(rather) linearly increasing profile. This impliggat the erosion rate is more or less constant.

.
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Congentraton [g/L]

:/ Time, t [s]
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Figure 2.8: Depth limited erosion (type II): contration of suspended fines as function of time shgva
profile approaching a constant value after a certame. This means that the erosion ceases atirterta
erosion depth.

Amos et al. (1992, 1997) conclude that a clearnrdison is not necessary found
between depth-limited and unlimited erosion. If éx@erimental duration is not sufficient
for the condition of, =7,, erosion will decrease in time but not yet reaehoz This

condition is classified as type I/ll erosion. Itositd be noted that if the given time is
sufficient, erosion may cease completely and thars loe classified as type Il erosion
(Parchure and Mehta, 1985; Piedra- Cueva and N2@@1).

The formula in equation (2.16) is the most commarggd formula for the erosion
of cohesive sediments due to its simplicity. Howewas the formula was experimentally
derived, it is empirical and has large variatiohd/obecause of some chemical, physical
(i.e. clay content or mineralogy) and biologicdilluences. For this reason, Winterwerp
and Van Kesteren (2004) proposed a more physit@liyded erosion formula based on a
geotechnical approach.

E= ME(Tb_Te)pdry’ forr,>7, (2.17)
- Cvwsed
E ]_(sto(_‘h (2.18)

where the erosion parametdf. [m/Pa.s] is a function of the consolidation
coefficient(c,) [m?/s], the volume concentration of the sediment (geg) , the median
floc size (10d, ) [m] and the undrained shear strength) [Pa].
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3 Methods

Three sediment compositions were chosen to enbblastudy of the effect of the
sediment structure and the cohesiveness on erbsglbavior. These three compositions
were first tested on a small-scale determiningojpmum water content and the required
duration for consolidation. After the optimum watemtents were obtained, all samples
were artificially generated using the mixer at GetiD Afterward, the generated samples
were placed in the annular flume, followed by tlmmsolidation process to drain pore
water out; thus the density increased. Differenasneing devices were used to measure
the concentration of eroded materials and the fl@ocity. Bed shear stress was not
measured, but calculated using the flow pattersirasilated by a large simulation model.
During the erosion tests, by increasing the rotaticspeed step by step, the bed shear
stresses increased, resulting in the increase mfecdration. The important parameters
such as erosion rate and erosion parameter aremile¢el from the results of the erosion
tests.

This chapter consists of three parts. First the pmsition and generation of the
artificial sediment mixtures as applied in thisdstare considered. Next, an experimental
set-up is discussed in which the placement andoticiasion of the artificial samples is
tested on a small-scale. Finally, the experimesédiup in which the erosion tests are
executed is presented. Besides the general chasticeeof the annular flume, the applied
measurements techniques are presented togethetheitmodeled hydrodynamics in the
annular flume.

3.1 Artificial sediment mixtures

3.1.1 Sample compositions

The artificial sediment mixtures applied in thisudt exist of three sediment
fractions (see Table 3.1). Each composition iseddiht in terms of the sediment fraction
by volume and water content. The variety of thesgirsent compositions enables us to
study the effect of the different sediment netwskieletons and cohesive properties on
erosion behavior.

After a thorough analysis on the result of theseutar flume tests, the results are
expected to be compared with the result of erosests executed at Ifremer. Therefore,
the sediment compositions are chosen in such athaythey resemble the samples
applied for those tests. The term sandy samplesréfehe high percentage of sand, while
muddy refers to the high percentage of clay artd Bile term intermediate implies that
this composition is a transition between the firgd samples. The median floc size of
sandd,,) is about 17Qum Kaolinite is the clay mineral used for all thrempositions.

The ratio between the clay and silt fractions isstant at 0.25. This particular ratio
represents sediment mixtures commonly found inAestern Scheldt estuary.

The sand-silt-clay triangle (Jacobs, 2006) illussathe three sample compositions
(see Figure 3.1). In this figure, it should be dotieat all three compositions are plotted
on the same straight line, implying the constatibrbetween the clay and silt fractions.
Apart from the sand-silt-clay triangle, the porgf sand-silt mixtures (Winterwerp and
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Van Kesteren, 2004) is used to classify the sedima@rtures based on the sediment
network skeletons, see Figure 3.2. In this figtine, sandy sample lies within the area of
the sand-silt skeleton, which implies non-cohegveperties of the sediment mixture.

Despite having higher percentage of clay, the mégliate sample’s natural structure is
also built by the sand-silt skeleton, and thusas-oohesive sediment. With the highest
percentage of clay, the muddy sample lies aboveérémsition which separates the clay-
water matrix from the sand-silt skeleton. This implthat this sediment sample will

exhibit cohesive behavior.

Sample Ecl [%] Esi [%] Esa[%] Mineral EC|/ESi ['] W ['] Pwet [kg/ms]
1. Muddy 16 64 20 Kaolinite| 0.25 0.4 1800
2 .Intermediate 6 24 70 Kaolinite 0.25 0.3 1900
3.Sandy 2 8 90 Kaolinite 0.25 0.23 2000

Table 3.1: Sediment compositions selected for timukar flume test

60 /

S
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Figure 3.1: Sand-silt-clay triangle showing theethrsediment compositions. 1 = muddy sample, 2 =
intermediate sample, 3 = sandy sample. The doitedihdicates a constant ratio of the sedimenttifsas
between clay and silt (~0.25).
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Figure 3.2:Granular porosity (f3s) as function of the volume fraction of sand irat&ln to the volume fraction of
silt. The numbers indicate the samples as appti¢dis study. Sample ‘1’ is located above the maxinporosity,
indicating a dominant clay-water matrix. Samplésai2d ‘3’ are located between the minimum and tleimum
porosity, indicating a dominant sand-silt skeletbhe water contents to determingsjis the average of the first 1
cm of the tested sediment beds (see Chapter 4).
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3.1.2 Sample generation

Concerning the generation of the artificial sedimenixtures, the following
requirements are proposed in order to obtain repmibte samples. The sediment sample
should be fully saturated, as clay particles onthileit cohesive behavior when wet.
When a sample is only partly saturated, time-vayyiohesive properties are expected.
Next, the sediment samples should be homogenouskedmin order to avoid
stratification and non-uniform erosion behavior.siBes reproducible, the sediment
samples should be sufficiently plastic in ordemptur them into the flume. This means
that the sediment samples should be mixed with maater in comparison with the
desired water content shown in Table 3.1. Howeter erosion tests should be executed
on sediment beds with higher densities. Therefaiter the placement of the sample, the
mixture needed to be consolidated to decrease #ierwontent and thus increase the
density.

The facility used to generate the samples is a&laggle sediment mixer (see Figure
3.3) at GeoDelft. This mixer is used because itm@nthe samples under vacuum. This
eliminates the enclosement of air pockets and tierserates fully saturated mixtures.
Another advantage of this mixer is the ability tengrate large quantities of material
(~400 kg or 200 liters).

The mixer in Figure 3.3 exists of a cone shapeH teth a rotating screw. The arm
of this screw was slowly rotated around the tan&foBe the mixing process, sediment
was filled through the top opening hole. After migithe sample is transferred through
the bottom opening hole to a cylindrical batch.

In general, the mixing procedure executed for tedirsent mixtures can be
described as follows:

* Weigh all the dry sediment; sand, silt and clay] #ren put them into the mixer

* Lower the pressure in the tank in order to dedaé dry mixture. Rotate the

planetary screw in the upward direction. This ptiis dry powder up to allow
all the air to be taken out completely

* Rotate the screw arm around the tank in order salborall the lump of the

sediment powder. Maintain the pressure at appraeipn@5 mbar while mixing
all the dry powder together

* Increase the pressure inside the tank prior tdillivegy with water (up to about

60 mbar), otherwise the water will evaporate. Hillthe desired quantity of
water.

* Proceed the wet mixing by rotating the planetangwcdownward. This allows

the powder to be completely mixed with water. Coudi the mixing for about
12 hours
» After the mixing, the mixtures are transferred he tbatch connected at the
bottom opening hole of the tank. Afterward, thechat transported by a forklift
to the annular flume (the distance between the maxel the annular flume is
approximately 500 m).
The quantity of the generated samples is:

« Sandy sample: the sediment mixture were generaitédawt™ batch of 125 liter

and a 2/ batch of 150 liters.
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* Intermediate sample: the sediment mixtures werergeéed with 210 liters for
both batches.

* Muddy sample: the sediment mixtures were generaitd 210 liters for both
batches.

Figure 3.3: Schematic illustration of the sedimemigure 3.4: The vyellow cylindrical container

mixer. Both the screw and the arm which connectscibntains the sediment sample after the mixing

to the motor are rotated during mixing procedure. The sample is transferred under gravity
from the mixer into this container.
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3.2 Small scale experiment
3.2.1 Introduction

The small-scale experiment is a preliminary testceed prior to the annular flume
test. Regarding the requirements of the samplas iessential that this small-scale
experiment is executed to gain some insight ineoglacement of the sediment bed. In
order to generate sediment samples that can besghanrthe flume, the water content
must be high enough. However, segregation is likelgccur if the water content is too
high. In this respect, it is important to determomimum water content. By varying the
water content, we can visually investigate the dampndition, and justify the optimum
water content.

Another main reason for the small-scale experinend see whether these liquid
samples can be consolidated after they are pladddnwthe flume. In this way the
density of the sediment samples can be increadedelie actual erosion test. Given the
difference in sediment compositions, the time resplifor consolidating the samples
needs to be determined for all three samples. M@rea order to implement the specific
set-up for the consolidation process effectivetyisiwise to test the set-up first on a
small-scale. The samples for the small-scale eyt were generated using a concrete
mixer. All three sediment compositions, accordingTable 3.1, were generated and
studied.

3.2.2 Experimental set-up and procedure

As the optimum water content for pouring the samp¢ehigher than the desired
water content, the mixtures need to be consolidabededuce the water content and
increase the density. Two different types of fogciare proposed to enhance this
consolidation. The first one is the pressure assalt of a load of water, which is placed
on top of the sediment samples. The second loadriegative water pressure applied
under the sediment samples. The combined effethefoading conditions is that the
sample is compressed.

In Figure 3.5, bricks are laid at the bottom toyie a solid foundation for the
sediment sample. On top of these bricks, a pedoptdte and a filter fabric (kind of
geotextile) are laid over the whole area. This itaprevents small particles from being
washed out by the draining pore water during cadatbn.

The generated sediment sample was placed on tiye difter fabric. While placing
the sample, outlet 1 (see Figure 3.6) was kept apender to drain out any excess water
from the sample. After the placement of the sanmglgastic foil was required to separate
the sediment bed from the layer of water that dlplaced on top. If water could flow
through the sediment sample during consolidatitratiScation of the density is expected
to occur. During the filling of water, outlet 2 reg®l to remain open in order to drain out
excess water.

Besides the pressure from the water on top, a ivegafater pressure was applied
under the sample. In order to accommodate thiscgtjgn of negative water pressure, a
specific set-up was required. Figure 3.6 showsetlmetlets equipped with valves and
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connected to the container of the sediment sanpiéh a siphon, a water pressure
gradient between the sample and the dischargingto{8) was generated. Thus, the
consolidation on the sample was enhanced.

To investigate if stratification did indeed not acas well as to measure the density
of the sediment sample, Conductivity concentrafideter probe (CCM) was applied.
Although the mixtures were generated with freshewatome salt was present in the (dry)
clay. This salt has a significant effect on thedwstivity of a sample. So, unfortunately,
this CCM was not feasible to apply for this teshother method to determine the density
was required. After consolidation, sediment coresemaken at several locations in the
sediment sample. After coring, the sample was d¢laxed dried in an oven for 24 hours.
In this way a vertical profile of the water conte&ould be determined. As a result, it was
possible to determine if the bed was stratified doiethe consolidation process by
considering the uniformity of the water content iotree depth.

Plastic foil

Filter fabric

Coarse gravel

Perforated plate

Drainage hole/

||| 3

Figure 3.5: Cross section of the small-scale set-Ugpigure 3.6: Cross section of the set-up connedting

This set-up exists of a drainage layer, a sediméhé three outlets. By opening outlet 3 and closing

sample, a perforated plate, filter fabric, a ptagil outlet 1 and 2, a pressure gradient, which enhances

and water the consolidation, is generated as indicated by the
below arrows. Another load applied for the
consolidation is subject to the water above a jglast
foil. This water generates a pressure as indicated
the upper arrows.

3.2.3 Results and conclusions

The optimum water content for all three sedimennhpositions was determined
following the two criteria; the water content shebdile sufficient to generate the sample
that can be poured. On the other hand, the sedisz@nple with too much water might
lead to stratification. After several mixing of tkamples, the optimum water contents are
50 %, 25 % and 25 % for the muddy, intermediatethrdsandy sample, respectively.

During the consolidation process, the settlemenhefsediment beds was observed.
The time span of this observation depends on thmposition of the samples. For
example, the consolidation period for the sandym@arwas very short. It is, therefore,
necessary to record the settlement with a highugaqy, especially in the beginning. The
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observation of the consolidation for all three skaps plotted as a function of time (see
Figure 3.7). The time required for the consolidat@an be determined by considering
when the plot of the settling becomes constansummary, the muddy sample requires a
consolidation time of approximately 27 hours. Thieimediate and sandy sample require
a much shorter period: 2-3 hours and 0.25 houpeas/ely.

After consolidation, sediment cores were takenrdeoto check if the samples were
not stratified. Four samples (from different locas) were taken for each sediment
composition. The water contents were examined adotied as a function of the depth,
see Figure 3.8. The results show that the wateteobmprofiles can be assumed to be
uniform over the depth. The water contents aftersotidation are decreased as expected.
In addition, the desired water contents (see T&blg are compared with the water
content after consolidation. It appears that fersandy and muddy samples those values
fairly agreed. For the intermediate sample, it $thdae noted that the optimum water
content (25%) was lower than the desired watereain{30%). The sample was still
consolidated for the attempt in preventing entrapgie inside of the sediment grains. As
a result, the water content after consolidatior¥§p@ppeared even lower.
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Figure 3.7: Settling as function of time for theeth sediment mixtures as applied in this study. ditedes,
squares and diamonds indicate the profile of thddyiuintermediate and sandy sample, respectivaith®
right, the figure displays the enlarged versiontfar settling of the intermediate and sandy sample.
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Figure 3.8: Error bars for the water contents efshmple cores as taken after consolidation platsefdnction
of depth for the three sediment samples: (a) mddyple, (b) intermediate sample and (c) sandy sampl
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3.3 Annular flume

3.3.1 General characteristics

An annular flume is a typical ring shaped flumehatitvo rotating elements, the top
lid and the flume, which can be rotated indeperigieAtuniform tangential flow velocity
is generated by rotating the top-lid and the flumeopposite directions. This flow
generates bed shear stresses at the sedimentheediain advantage of using an annular
flume for erosion tests is the infinite length bétsediment samples. This means that no
boundary effects are occurring. This is a big peablin straight flumes, due to the
transition between a smooth flume bottom and ahlasigface of the sediment sample.
The latter leads to scour at the upstream bouratadythus non-uniform erosion. Another
advantage of an annular flume is the relativelgdasize of the bottom area of the flume.
A sufficiently large surface area of the sedimerdd benables a more accurate
measurement of e.g. the erosion rate comparedperiexental set-ups with much smaller
sample surfaces. For the reasons as discusseahridar flume is chosen for the erosion
test in this study.

In this study, the annular flume of the laboratofyluid mechanics at the TU Delft
is applied (see Figure 3.9 and Figure 3.10). Thendl has a rectangular cross-section
with a width of 0.304 m and a height of 0.47 m. Thean diameter of the flume is 3.70
m. The walls of the flume are made of glass. Thelid, the bottom and the side-walls
are considered as hydraulically smooth. The tamgevelocity can be controlled over a
range of 0.05 m/s — 2.0 m/s for the top lid, and.®&5 m/s — 1.0 m/s for the flume. The
power of the top lid motor is 0.55 kW, and thattleé bottom motor 2.2 kW. Electrical
power is supplied through a set of slip rings tavppinstruments such as a computer and
measuring devices.

motor
top lid

/ \\-\_\\
//
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, top lid
H=04 mI
[ mm e S i e i T annular flume
—_

T
B=03m

T S

motor
flume m—ﬂ

3.7m

Figure 3.9: Schematic illustration of the annulanfe of the laboratory of fluid mechanics of the Délft.

A disadvantage of annular flumes is the occurreocesecondary flows. When
rotating the flume, different tangential flow ditems along the top-lid and the bottom of
the flume result in two secondary flow cells (séguFe 3.11). The vertical components of
the secondary flow affect the turbulence structiiteerefore, this secondary flow should
be considered in case of sedimentation or erodiaies. For this reason, Booij (1994)
studied the characteristics of the secondary floaurring in the same annular flume as
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applied in this study. He determined an optimunorbetween the rotational speeds of
the top-lid and flume, which minimizes the secoydiow (see more detail in 3.3.4).

|

.
3

|

(@) ' (b)

Figure 3.10: Top view (a) and cross section (khefannular flume. The cross section of the anrfluare
set-up exists of a drainage layer, filter fabrisealiment bed, water and the top lid. The scaldisate the
sizes as commonly took place during the test.

Figure 3.11: Schematized depiction (Sheng, 1989) drt of an annular flume. It is shown that seleon
flows generate two cells. The block arrows indidde directions of the tangential flow; near thetdm
the flow goes toward the reader, while near thelidghe flow goes away from the reader. The small
arrows at the top and bottom indicate the rotatiali@ctions of the lid and the flume, respectiveit
right, the axes as applied in this study are ddfine

3.3.2 Placement of the samples

After mixing, the sediment samples are placed i@ #mnular flume. Different
approaches were applied for the placement, depegraiinthe condition of the sediment
samples. The muddy sample was liquid enough to poder gravity. However, the
intermediate and the sandy samples were too solar. For this reason, these samples
were manually placed with a shovel. After the piaeat, an investigation was made to
determine if the sediment samples were placed Bgualthe entire flume. This was
followed by leveling the surface of the sedimerd bg means of a small shovel.

After the placement, the samples were consoliditethe periods as determined by
the small-scale experiment (section 3.2.3) in otdetecrease the water contents. Prior to
the erosion test, the thickness of the sedimens l@dwell as the water depth were
measured. In summary, the average thicknessesdhtbe samples are 8.7 cm, 9.1 cm,
and 8.3 cm for the muddy, intermediate and the waadnple, respectively. The water
depths during the tests were 27.4 cm, 25.6 cm2éntl7 cm for the muddy, intermediate,
and the sandy sample, respectively.
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®)
Figure 3.12: Placement of the samples throughdpdid opening hole of the flume with (a) a sidewi
and (b) a top view

3.3.3 M easurement techniques and erosion test procedures

In this study, different measurement techniquesewagiplied. Sub-samples were
taken from the bed to determine the water contéelocities in both main and vertical
direction were measured by Electro Magnetic Flowtave (EMS). During the erosion
tests, the concentration of the suspended matevad measured by Optical Silt
Measuring Instruments (Oslim). The measurementb®Oslims were calibrated at two
different stages, both before and after the eroseh As the erosion rate is related to the
bed shear stress, it is important to determindo#teshear stresses for each rotational step.
However, the bed shear stress is not measured;abmilated by means of a numerical
model (Booij, 2003). The measurements of both EM&@abs can be used to verify the
modeled flow pattern in the flume. When the meas$ared modeled velocities agree, it is
assumed that the bed shear stresses are well tchula
Deter mination of the water content

Sediment cores were collected from the sedimenti@&Xamine the water content
as well as the horizontal distribution of the watentent. For each sediment sample this
test was performed twice at two different stagedoile and after the erosion test. The
cores were taken using a PVC tube with a diamdt8rsocm and a length of 30 cm and a
rubber part of a syringe. This method is commomdpli@d during field work. Samples
were taken over the whole length of the placedmsedi bed. By slicing the samples in
segment of around 1 - 2 cm and drying them in and24 hours, 10%) subsequently, a
vertical water content profile could be determingétle cored samples were taken from
two opposite locations in the flume in order to mx@e also the uniformity of the
sediment bed in the horizontal direction. The h@ssa result of the coring were filled
with coarse san(l,,=1-2mm), which is assumed not to erode during the test.

Electro Magnetic Velocity Meter (EMYS)

Flow velocities in both verticakl and main flow X) direction were measured by a
EMS device. This measurement is based on a magindtic which is produced by the
flow through a small coil inside the body of thenser. Two measuring devices were
located at the same horizontal distance as thanQsbkcept for being installed from the
inner wall of the flume (see Figure 3.13, Figur&43and Figure 3.15).
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Optical Silt Measuring Instrument (Oslim)

Oslims are applied to measure the concentratiosuspended material within the
flume. The measurement is based on the attenuattitthre intensity of a light beam by the
absorption and scattering of light by suspendedighes in a liquid. The output was
presented as an analog voltage. The advantageedDshm is that its installation is fit
with the annular flume, and that a wide range afoemtrations is measurable.

Before the installation, the five Oslims were cediled for a variety of sediment
concentrations and suction speeds. First, the @shira calibrated for the three different
proportions of silt and clay, as applied for sample 2 and 3. Next, the Oslims are
calibrated for the different suctions speeds atctviwater is extracted from the flume
during the erosion tests. These suction speedsaaied in order to have more or less
similar flow velocities both in the flume as in tl@&slims. In this way representative
samples are taken. To minimize the number of caiidms, three suction speeds were
chosen that represented the whole range of thefldacity: 0.183, 0.366 and 0.557 m/s
(see Table 3.2). In addition, the five Oslims wéuneed at two different ranges of
concentration: 0-2 and 0-30 gram/liter. In this vitag possible to accurately measure the
concentration, both at the beginning as at the ehdhe erosion test. The Oslim
calibration is presented in Appendix. The 0-2 ar@DQyram/liter Oslims were located at
opposite sites of the flume (see Figure 3.13). Bxipg them at varying heights above
the bed, it is possible to study the vertical coiion profiles. By multiplying the
measured concentration by the total volume of watethe flume, the mass of eroded
fines can be determined. During the erosion testemsamples are taken from the flume
in order to calibrate the Oslims afterwards. At émel of each velocity step a sample was
taken. The volumes of extracted water were replégedear water during the tests. Later
on, the concentration of these water samples wesrdmed by filtering. The results
were used to verify the measurements of the Oslims.

Hydrodynamicsin the flume
The maximum controllable rotational speed for thye-lid () is approximately 2.0

m/s and for the fluméw,) approximately 1.0 m/s. It was decided that in tat8l

rotational speeds were executed for the erosion fdwe last column of Table 3.2
indicates the duration for each rotational step.tRhe 13 rotational steps, three different
durations were applied. The first duration is rigkly short, and increased for the next
two groups. These durations are determined follgwire expected behavior of erosion.
For each rotational step first erosion takes plaoé, then followed by sedimentation. In
this way equilibrium is expected for each step. [Boger rotational speeds longer periods
are required to obtain this equilibrium concentmatiFor this reason the durations for
higher rotational steps are longer.
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Figure 3.13: Schematic illustration of the top viefithe annular flume with the location of the apgl
measuring devices and the locations at which bogamples were taken. At two sides of the flume r@sli
and EMSs are applied. Downstream from these lotasediment cores were taken.
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Figure 3.14: Location of the EMS and Oslims (coti@ion range of 0-30 g/L) depicted in the crosstise
of the flume.
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Figure 3.15: Location of the EMS and Oslims (coniion range of 0-2 g/L) depicted in the crosstisecof
the flume.
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(1) @) 3 (4) ©) (6) (7)
Step W w w w Suction speed of Duration
[-] [m/s] [m/s] [rom] | [rpm] Oslim [min]
[m/s]
1 -0.02 0.04 -0.103 0.10 0.18 7.5
2 -0.10 0.20 -0.516 1.02 0.18 7.5
3 -0.20 0.40 -1.032 2.04 0.18 7.5
4 -0.30 0.59 -1.549 3.06 0.18 7.5
5 -0.40 0.79 -2.065 4.08 0.37 10
6 -0.49 0.97 -2.529 4.99 0.37 10
7 -0.60 1.19 -3.097 6.12 0.56 10
8 -0.70 1.38 -3.613 7.14 0.56 10
9 -0.78 1.54 -4.026 7.95 0.56 12.5
10 -0.86 1.70 -4.439 8.77 0.56 12.5
11 -0.93 1.84 -4.800 0.48 0.56 12.5
12 -1.00 1.98 -5.162 10.19 0.56 12.5
13 -1.05 2.07 -5.420 10.70 0.56 12.5

Table 3.2: Conditions of the flume during the 18eatent rotational steps: rotational speeds asieggbr
the erosion test (2), (3), (4) and (5), Oslim suttielocity (6) and duration for each velocity s(ép

3.3.4 Optimum ratio and bed shear stressdeter mination

As mentioned before, Booij (1994) studied the sdeoy flow characteristics in an
annular flume. An optimum ratio between the rotagicspeeds to reduce these secondary
flows was found. He found that the optimum ratimsgly depends on the flow depth.
This leads to the relation between the rotatiopales and the aspect rafid b) of the
flume:

D =g 70 (3.1)
w b

wherew [rpm] is the rotational speed of the top l@, [rpm] the rotational speed of the
flume, b [m] the width andh [m] the height of the water column.

To determine the optimum ratio for this study, #idth of the flume of 0.30 m and
the flow depth of 0.27 m are substituted in eque(®.1), resulting in the optimum ratio
of 1.975. This ratio is used to determine the rotel speeds for the lid and the bottom,
as applied for all three erosion tests (see Taldp 3

To determine the bed shear stress, an advancedlénde model by means of a
Large Eddy Simulation (LES), is applied (Booij, 3)0From this LES model, the full 3D
hydrodynamics is obtained from which it is assurtied the bed is hydraulically smooth.
This is not valid in our experiments where the flmahydraulically transitional or rough
due to the surface of sediment beds. However, disstastep we assume that the
calculated bed shear stress is also valid for mpeements. We will discuss this in more
detail in Chapter 5.
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4 Results of the erosion tests
4.1 M easur ed hydrodynamics

During the erosion tests, 13 rotational speedsi@ftop lid and flume were applied,
generating a flow within the annular flume. Two EM&vices were used to measure both
the flow velocity in the main directiorx) as in the vertical directiorg) Typical results
from an EMS-measurement are shown in Figure 4.1.

In Figure 4.1 (a) the flow velocity in thedirection increases for each step. The
vertical flow velocities are relatively small. Tlawerage flow velocity in the-direction
(see Figure 4.1 (b)) is about zero. Both figuredidate that for larger rotational speeds
the level of turbulence increases. In the beginmhgach rotational step the degree of
turbulence as shown in fig 4.1a is similar to thatthe end of the same step. This
indicates that no effect of the spinning-up of thene, after increasing the rotational
speeds, is identified. In order to analyze the mesasent more effectively, the average
velocity over the duration of each rotational stegletermined for both the main as the
vertical flow (see Figure 4.2). The average velotor the main flow (Figure 4.2 a, ¢ and
e) indicate that the two EMS-measurements are iclnexcept at the first few steps of
the test on the sandy sample. The reason for shisat EMS1 was not working in the
beginning of the test due to a problem with thenamtion of the measurement set-up.
After it was fixed, the EMS1 operated properly.

In Figure 4.2 (b), (d), and (f) the average vettiecalocities are not identical.
However, the magnitudes of the three signals allpin the same velocity-range. The
velocities are within the range of -0.01 — 0.005,mwhich is relatively small compared to
the magnitude of the main flow velocity. These magtes are, however, large compared
to sediment settling velocity. It should be notddttfor the muddy and intermediate
sample only the measurement from EMS2 is shown. Sidpeal of the EMSL1 is invalid
due to a problem with the (horizontal) positionioigthe sensor. For the sandy sample
(last test), this problem was solved, and the EM&ated properly.
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Figure 4.1: Typical output of EMS-measurement simgwioth the flow velocity in the-direction (a) as in
the z-direction (b).
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Figure 4.2: EMS-measurement for the test on thedyid, b), intermediate (c, d) and sandy sampl®.(e,
The average results of the two EMS are shown lmtthe main (left) and the vertical flow (right).
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4.2 Simulated hydrodynamics

An advanced turbulence model in terms of a LargéyEsimulation (Booij, 2003)
is applied to determine the bed shear stressesgif¥en rotational speeds of the top lid
and flume the flow pattern within the flume is reguced. A detailed flow pattern
concerning the tangential flow as well as the sdaonflow is simulated for all rotational
speeds as applied in Table 3.2. Here, an exampieeadimulated flow pattern is shown
for a rotational speed of the flumey() of -3.097 rpm, an optimum ratiay/ «,) of 1.97,

and a water depthh() of 0.27 m, Figure 4.3. In this figure the tangainiow velocity (a)
appears reasonably uniform along the bed, but ngrin upper layers. The flow near
both sided-walls of the flume appears to be comaldg influenced by the rotation of the
flume. The numbers in the figure indicate that taegential flow moves towards the
reader for the flow at the near bottom, and mowesyafrom the reader near the lid. For
the current in a cross section of the flume (b)) secondary cells are observed. Both
cells move towards the outer bend at the near imogiod near the lid.

Using the simulated 3D flow pattern, it is possitdederive the bed shear stress for
all 13 rotational speeds. This is done by usingéseltant of the frictional velocity in the
x- andy-direction. Figure 4.4 shows the distribution of thed shear stress over the width
of the flume averaged over a certain time of xxxdach rotational step. The Figure 4.4
shows that for the first six steps the bed sheasses are rather uniformly distributed
over the width of the flume. The profiles becomsslainiform for higher bed shear
stresses. The bed shear stresses close to theveltesire larger than those along the
inner wall.

u-field; o, = -3.097 rpm:; ratio = 1.97; depth = 0.27 cm

250 [

200

504

0 50 100 150 200 250 300
y[mm]

(a) (b)
Figure 4.3: Typical results of a LES simulation tasth the (a) main flow and the currents in a cross
section of the flume (b) with the outer bend ahtigrhe numbers (a) indicate the flow velocitiegdhias
measured with respect to a fixed position out effltame). The main flow appears uniform along tleel b
(towards the reader) and maximal along the lid §afwam the reader), especially near the outer vradk.
the flow in the cross-section two circulations selte identified (b)
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Figure 4.4: Distribution of the bed shear stredsutated over certain modeling durations which iaréhe

same order of magnitude as the rotational stepshitnfigure, all calculated profiles for the diféat
rotational speeds for the test on the muddy saamgleshown
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4.3 Erosion test on the muddy sample

The composition of the muddy sample is shown inl@4hil.:

Condition Clay [%] Silt [%] Sand [%]
Muddy 16 64 20
Intermediate 6 24 70
Sandy 2 8 90

Table 4.1: Compositions of the sediment samplegpptied for the erosion test

This sediment sample was mixed with a water contérn0%, as discussed in
section 3.2.3. The average thickness of the samipde placement was approximately
9.43 cm. The total settlement of the sediment bezhsured before erosion was
approximately 0.73 cm. During the consolidation gess, the under-pressure, as
mentioned in section 3.2.2, was applied to enhapnosolidation. However, the pressure
lasted shortly due to a leak in the bottom of tuene. From then on, only the load of
water on top of the sample was compressing thersedibed to consolidate. It appeared
that due to wrinkles in the plastic foil in combiiloa with the water on top a pattern of
small ripples were generated (see Figure 4.5). Height of the print of these wrinkles
was around 3 - 4 mm and its length scale aroun@010m. During the removal of the
plastic foil a limited amount of fines was broughto suspension. This material settled
before the erosion test started. So the erosiorstaded with clear water.

Cores were taken from the sediment bed to chetheifbed exhibited a stratified
density profile. Figure 4.6 shows the vertical gesf of the water content over the depth.
The figure indicates that the water content deerewith increasing depth. This means
that the bed has an increasing density at largpthddt also appears that the water
content at the surface for both locations is nayiwg much during the test. The water
contents before and after the test are almostic#nHowever, the water contents at the
surface of the two locations slightly differ. Thiaplies a horizontal distribution of the
water content over the surface of the bed. The ageemwater content of the whole
sediment bed is around 36.5% during the test. Vbeage water content over the upper 1
cm of the bed is 39.9%. In addition, with refereted-igure 3.15 (a), the position of the
Oslims can be indicated before erosion, as follovs;10.3 cm, B=7.1 cm and G8.7
cm.

The erosion behavior of the sediment bed was dfgtichserved. For low rotational
speeds {, =0-0.08 Pa and) =0-0.15m/s) little erosion was observed. Only some

material that settled after the removal of the tdafil was re-suspended again. This
especially took place from the top of the irregitil@s on the sediment bed. Considering
the turbidity of the water, only fine particlesdéls) were eroded from step t4=(1680 s,

7, =0.17Pa andJ =0.2m/s) onward. No movement of sand was observed. From

rotational step 6t(= 2710 s,7, =0.38Pa andJ =0.36m/s) onward, the movement of
aggregates of material and some sand was obséf@d.step 7t(= 3252 s,r, =0.56Pa
andU =0.46m/s), also the movement of coarser sand was olisdryerolling and
jumping of sand particles. During step 12=(6212 s,r, =1.43Pa and) =0.76m/s) a
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thin layer of sand was observed on top of the sedirbed along the outer bend of the
flume. This sand was not collected after the testietermine the mass of eroded sand, as
its volume was too little to accurately collectAfiter the test the water was extracted out
and the bed surface was observed (Figure 4.7)b&tesurface slightly differed from the
initial condition. The irregular bed forms werellsfiresent, but their height decreased
during the test due to erosion with around 50%.

Figure 4.5. Top view of the bed surface of the nyuslimple after removing the plastic foil. The pattéhat
resulted from the wrinkles in the foil is shown.iF krregular surface was found for the entire bEtese two
pictures are photographed at different locationthefbed surface.

Muddy sample
0 I I o
Mean W before = 36.5%

21 Mean W after = 36.5% o
13
L. 4 <l
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8r —®—Before [|

-- After
20 25 30 35 40 & & 3 8 2 9

Water Content [%]
(a) (b)
Figure 4.6: Vertical profiles of the water contgibtted over the depth (a) and the error bars ¢b)tie water
contents of the sample cores as taken from thenesdibed before and after the erosion test. Alsoatrerage
water contents are indicated.
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Figure 4.7. Top views of the bed surfaces afteretfosion test. It is shown that not much differenompared to
the initial condition is identified, except thatnse bed forms were smoothened because of the erddiese two
pictures are photographed at different locationthefbed surface. Note that these two picturesiaréhe same
place as the pictures of the bed surface beforga@ro
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Figure 4.8: Concentration as a function of timetfer Oslims with the range of 0-2 g/L (a) and Og20 (b)
for the muddy sample. The dots are the concentraiietermined from the sampling of water sampleach
water sample was collected during the test.

During the erosion test, the concentration of edofilees was measured using the
five Oslims. The concentrations as a function aofetiare plotted in Figure 4.8. Both
results of the Oslims of the 0 — 2 g/L range (a)pfthe Oslims of the 0 — 30 g/L range (b)
are shown. Also the result of the calibrated cotre¢ion is shown by the black dots.
Figure 4.8 (a) and (b) indicate that the conceitinatneasured by the Oslims increases in
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a similar way as the calibration-concentrations.th#e beginning of each rotational step
the concentration increases rapidly. For low cotregions the concentrations reaches
equilibrium. For higher concentration the equilim is not reached, although a similar
tendency is observed. For the highest concentitiom increase in time is almost linear.
For the Oslims with the range of 0-2 g/L, the aatlon-concentration differs from the
concentration of the Oslim. It appears that thes diftthe calibration concentration are
lower than the profile of the measured concentratibhis difference also appears for
lower concentrations measured by the 0-30 g/L Gslikor higher concentrations, the
calibrated and measured (0-30 g/L Oslims) concBabra are identical. It should be
noted that the timing of the sample collection witbach rotational step was not constant.
It is assumed that the moment these samples ar takat around 75% of the duration of
a test.
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4.4 Erosion test on the inter mediate sample

The composition of the intermediate sample is showiable 4.2

Condition Clay [%] Silt [%] Sand [%]
Muddy 16 64 20
Intermediate 6 24 70
Sandy 2 8 90

Table 4.2: Compositions of the sediment samplespptied for the erosion test

The water content as discussed in section 3.2.théomtermediate sample is 25%.
However, the first batch of the sample was by rkistaixed to a water content of 50%.
This resulted in a rather liquid sample, which deslthe placement of the sample into the
flume by gravity. Due to this high water contentr®segregation occurred during the
placement. For the second batch, the sample wasdntixa water content of 25%. This
resulted in a sample that was too plastic to pgugriavity. Therefore, the placement was
done manually by means of a shovel. It is expetitad any air that is entrapped during
the placement is squeezed out during the consmidaffter the placement, the bed
surface was smoothened. The average thicknese dfaitmple before consolidation was
approximately 9.9 cm.

During the consolidation process, only the loadvater on top of the sample was
applied. The negative water pressure as mentionesection 3.2.2 was not applied
because of the problem with the leak of the fluAfger three hours of consolidation, the
settlement of the sediment bed was almost finisAéds duration corresponds to the
required time for consolidation as determined ictise 3.2.3. The settlement was 0.8 cm.
Despite the quick rate of settlement, the plastit Was remained for 22 hours before
removing to assure the uniform condition of theimetht bed without any air entrapped
inside. In addition, with reference to Figure 3(&% the position of the Oslims in vertical
can be indicated after measuring the thicknest®fediment bed; A10.3 cm, B=5.3
cm and G=9.1 cm.

It appeared that much less wrinkles due to thetipl&sil occurred. The bed surface
was smoother than the surface of the muddy samaplean be seen in Figure 4.9. The
height of the ripples was around 2 — 3 mm, withstashce between them of around 10 —
20 cm. Sediment cores were taken from the sedinbedt to check if a vertical
stratification occurred. Figure 4.10 shows the iealtprofiles of the water content over
the depth. The figure indicates that the water eatst slightly decrease with increasing
depth. This means that the bed has an increasingjtget larger depth. It appears that
the water contents at the surface of the bed befodeafter the test differ slightly. Over
depth, the water contents after erosion appeaehitian the water content before erosion.
The difference in water content before and aft@sien is assumed as a result of the
difference of the bed density in horizontal. Thesrage water content of the whole
sediment bed is around 21% during the test. Theageewater content over the first 1 cm
is 22.8%.

During the erosion test, the erosion behavior @& slediment bed was optically
observed. In the first three steps for low rotatiorspeeds (7, =0-0.08 Pa
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andU =0-0.15m/s) little erosion for fines was observed. Frorapsé ¢ = 1750 s,
r, = 0.17 Pa antd =0.24m/s) onward, fines were clearly eroded and disperato
suspension. No movement of sand was observed. pstap 7 {(= 3986 s,r, = 0.56Pa),

the movement of aggregates of material and sone was observed. Bed transport was
occurring by means of rolling and jumping of saradtigles. It was observed that sand
was accumulating on top of the sediment bed albaguter bend of the flume.

From step 7, ripples were observed in the accumailsand (see Figure 4.11). The
ripples had an average length scale of ~7.5 cmaameight of ~0.5 cm. From step 19
5556 s,7, =0.98Pa and) = 0.64m/s) onward, all the ripples were suddenly erodgd b

the flow. The disappearance of these ripples indga transition in the transport mode of
sand: from the bed load regime to the sheet flayinte. It was observed that more sand
was suspended in the water column. From step t1Z (8653 s,7,=1.47 Pa

andJ = 0.78m/s) onward, small scour holes were observed dwemihole width of the

bed, but especially along the inner bend (see Eigul2). The holes varied in size
(between a diameter of 1 — 4 cm and a depth of@%m) and occurred without a clear
pattern. .It appeared that the accumulated santthemed surface along the outer bend
can be distinguished from the normal bed. This exdated sand was collected to
determine the total mass of eroded sand (see Beg#d). The accumulated sand formed
an elongated triangle with a width of around 8 erd a height of around 2.7 cm.

During the erosion test, the concentration of edlofilees was measured using the
five Oslims. The concentrations as a function ofetiare plotted in Figure 4.14. Both
results of the Oslims of the 0 — 2 g/L range (a)pfthe Oslims of the 0 — 30 g/L range (b)
are shown. From the water samples collected in eatdtional step a calibration-
concentration is determined, which is shown by liteek dots. Figure 4.14 (a) and (b)
indicate that the concentration measured by th@r@shcreases in a similar way as the
calibration-concentration.

As seen in the concentration profile of the muddgngle, the concentration is
again reaching equilibrium for low rotational speeBy increasing these velocities, the
equilibrium is no longer reached, although the saemelency is still observed. For the
highest velocities this tendency is hard to distiely, and the concentration seems to
linearly increase in time.

Figure 4.14 (a) and (b) show a comparison betwkercalibration-concentration
and the concentration as measured by the Oslim.diffexence between the compared
concentrations is clearly identified for the Osliofsthe 0 — 2 g/L range. For the Oslims
of the 0 — 30 g/L range, the discrepancy occurhggthtyy for lower concentrations, while
for higher concentrations the calibrated and meab(® — 30 g/L) concentrations fairly
agree. As same as the previous test on the mudaylsathe moment at which the water
samples were collected is at around 75 % of thatdur of a test. After the test, the
accumulated sand along the outer bend was collestdd subsequently, oven-dried for

24 hrs at 105C. The total mass of eroded sand is 21.26 kg.
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Figure 4.9. Top views of the bed surface of therimediate sample after removing the plastic fod.g\int as

a result of the wrinkle of the plastic foil was ebged. The bed exhibits a smooth and uniform sarfac
Intermediate sample
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Figure 4.10: Vertical profiles of the water contefttted over the depth (a) and the error bargaibyhe water
contents of the sample cores as taken from thensedibed before and after the erosion test. Theagee
water contents are indicated.

Figure 4.11. Picture taken at the outer wall of thane showing sand ripples within the layer of

accumulated sand. The ripples indicate bed loatsp@t of sand. The average size of these ripgles i
shown.
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Figure 4.12: Top view of the bed surface after iernsThe
accumulated sand along the outer wall is clearyjbie. Also

the holes in the sediment bed are shown.
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Figure 4.13: Picture taken at the outer
wall after the test showing the sand
accumulation on the bed surface in the
corner along the outer wall. The height

14,

of the accumulated sand is shown.
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Figure 4.14: Concentration as a function of timetfie@ Oslims with the range of 0-2 g/L (a) and 0g80
(b) for the intermediate sample. The dots are #tibmation-concentrations of the Oslims. These
concentrations are determined for the water sanguldscted during the test.



4.5Erosion test on the sandy sample

The composition of the sandy sample is shown ineTats.

Condition Clay [%] Silt [%] Sand [%]
Muddy 16 64 20
Intermediate 6 24 70
Sandy 2 8 90

Table 4.3: Compositions of the sediment samplegpptied for the erosion test

This sediment sample was mixed to a water conteBb%, as discussed in section
3.2.3. The mixture was rather solid and it was hargour it directly from the batch into
the flume. The placement of the mixture was madegua shovel to scoop the mixture
out. The thickness of the sample after placemerd && cm. After 0.25 hours of
consolidation, the settlement of the sediment bad approximately 0.2 cm. During the
consolidation process, only the load of water qm @b the plastic foil was compressing
the sediment bed. Again, the negative water presasirmentioned in section 3.2.2 was
not applied due to a leakage in the bottom of themé. After removing the plastic foil,
small ripples on the bed surface were found (sgar€i4.15). Their print was generated
by wrinkles in the plastic foil in combination witthe water on top. The height of the
ripples was around 1-2 mm and its length scaleagas around 10 20 cm.

Sediment cores were taken from the sediment beti¢ok if vertical stratification
of the density occurredigure 4.16shows the vertical profiles of the water contergrahe
depth. It appears that the water contents decwwisancreasing depth. This means that
the bed has an increasing density at larger deytithe profiles also differ slightly in
horizontal. This implies a difference of the bedhsity in horizontal. The average water
content of the whole sediment bed is around 26%nduhe test. The average water
content over the first 1 cm is 27.3%. In additianth reference to Figure 3.15 (a), the
position of the Oslims in vertical can be indicasdter measuring the thickness of the
sediment bed; A10.3 cm, B=6.2 cm and G8.3 cm.

During the erosion test, the erosion behavior & slediment bed was optically
observed. It was observed that the fines, whicliesetafter removing the plastic foil,
were re-suspended during the first few steps (&tep 2). From step 3 (t = 1230 s,
7, = 0.15 Pa antl =0.15m/s) onward, fines were clearly eroded and brougta
suspension. Not much movement of aggregates orgasabserved along the surface of
the bed. From step 5 (t = 2466r5,=0.27Pa and) =0.3m/s) onward, the movement of

aggregates and some sand was clearly observegpdaeed that sand was again slowly
accumulating on top of the sediment bed along therdend of the flume.

During step 7 (t = 4002 g, =0.56Pa and) =0.48m/s), rippled occurred in the
layer of sand (see Figure 4.17). The same lengile ssccurred for the observed ripples
as during the test on the previous samples: ahesgle of ~7.5 cm and a height of ~0.5
cm. From step 8 (t = 4849 5,=0.76 Pa and = 0.58m/s) onward, these ripples were
disappearing due to the larger flow velocities.sTi@sulted in a flat layer of accumulated
sand along the corner of the outer bend. This aig@icates a sheet flow regime. From
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step 11 (t = 7638 g, =1.28Pa and) = 0.76m/s) onward, it was observed that more sand

was brought in suspension as the color of the diyboccurred darker than observed in
the beginning of the test. In the last two stegsp(sl2 and 137, =1.45and 1.59 Pa,

U =0.8m/s and 0.85 m/s) it appeared that sand was ooguimithe suction tubes of the

Oslims. After the test the water was drained outhef flume and the bed surface after
erosion was observed (see Figure 4.18). It appehaddsmall scour holes were found
over the whole width of the bed surface. The holeted in size (between a diameter of 1
— 3 cm and a depth of 0.5 — 1 cm) and appearedutith clear pattern. In addition, the
eroded sand, which was accumulated on the surfaog #$he outer bend, was collected

and, subsequently, oven-dried at 105 The total mass of the collected sand is 13.49 kg

During the erosion test, the concentration of edofilees was measured using the
five Oslims. The concentrations as function of tiare plotted in Figure 4.19. Both the
results of the Oslims of the 0 — 2 g/L range (a)pfthe Oslims of the 0 — 30 g/L range (b)
are shown. The calibration-concentration determinech the water samples is shown by
the black dots. Both Figure 4.19 (a) and (b) ingicghe difference between the
calibration-concentration and the concentratiomasisured by the Oslims. Also for this
test, it appears that the calibration concentratieme lower than the measured profile for
the lowest rotational steps (1 - 5). For stepdl 8,-the dots are located above the profiles.
Despite the difference, both calibration-concemratind the concentration as measured
by the Oslim appear to increase in a similar wayaddition, both Figure 4.19 (a) and (b)
indicate that at the beginning of each rotatiot@p $he concentration increases rapidly
and tends towards equilibrium shortly afterwardisTtendency is also observed for
higher concentration, although the equilibrium & reached. For the largest rotational
steps the increase in time of the concentrati@nmost linear.

Figure 4.15. Top views of the bed surfaces aftersobidation showing bed irregular forms like ripmle
These ripples occurred due to the plastic foil. Tipples were small but appeared over the whole bed
surface.
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Sandy sample
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Figure 4.16: Vertical profiles of the water cont@hitted over the depth (a) and the error barsddb}he
water contents of the sample cores as taken frenséidiment bed before and after the erosion tést. T
average water contents are indicated.
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Figure 4.17: Picture aen at the outer wall of ftheme showing sand ripples within the layer of
accumulated sand for the sandy sample. The rijppiésate bed load transport of sand. The averagedi
these ripples is shown.

48



Figure 4.18: Topviews of the bed surface aftesierof the sandy sample. The accumulated sandj ahen
outer bend of the flume is shown along with thegudar pattern of holes. .
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Figure 4.19: Concentration as function of timetfar Oslims with the range of 0 — 2 g/L (a) and 30-g/L

(b) for the sandy sample. The dots are the caldwatoncentrations of the Oslims. These concewtnati
are determined for the water samples collectechdutie test.
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5 Discussion
5.1 Hydrodynamics

As discussed in section 4.2, the bed shear strasseomputed for all 13 rotational
steps using a Large Eddy Simulation (LES) modek Bhd shear stress will be used in
combination with the erosion rate to determine eéhasion threshold for both fines and
sand. To validate the simulated bed shear strefsesjeasured and simulated tangential
and secondary flow patterns are compared. A gooeeatent between these two patterns
implies that the bed shear stress as computedeoyptidel can be used.

For each test the flow patterns of step 2, 5, 7 Ehdre compared. The simulated
velocity can be determined from the flow patterfshe tangential flow (see Figure 5.1
(@), (c), (e) and (g)) and of the secondary floee(&igure 5.1 (b), (d), (f) and (h)). First,
the tangential flow velocityu,,) is determined in the position where the EMS was
measuring. To compare the velocity as indicateéigure 5.1 with the measured velocity,
the rotational speed of the flume,() should be subtracted of the simulated veloaity) (

In Table 5.1 the comparison of both simulated aedsured velocities is shown.

Table 5.1 indicates that the simulated velocitydagermined by the LES model is
larger than the measured velocity from the EMS. differences are all in the same range
for all three samples; 23% for the muddy and inetiate sample and 20% for the sandy
sample. The possible reason is that the simuldted gattern is generated based on the
assumption that the glass bottom of the flume & atterized as the hydraulically smooth
flow. However, in this study the bed surfaces fibittree samples were rougher due to
the occurrence of ripples after the removal of phastic foil. The influence of this
rougher bed leads to a decrease of the actualityelds a result, the simulated velocity
appear over-estimating to the measurement.

In these tests, the criterion of Nikuradsek(/v ), was used to characterize the bed

roughness of the flow whether it is hydraulicaligaoth, rough or in the transitional zone.
It is found that the flow condition for all threaraples is characterized as a hydraulically
transitional flow. As described in the previousamaaph, the effect of the rougher bed
resulted in smaller flow velocity. It may seem thia¢ decrease of velocity would also
lead to the small value of the bed shear stress.i¥mot true, as the rougher bed surface
contributed to the increase of the actual bed sis¢@ss. This bed shear stress is
determined taking into account the increase ofdreg force due to the rougher bed
surface. The bed shear stresses based on the rdagghare compared with the bed shear
stress as calculated by the LES model (see TaB)e Bhe comparison shows both bed
shear stresses are within the same range. Anotssiljle measure to determine the bed
shear stress, apart from the method following theyhness of the bed surface, is the so
called energy balance of Darcy-Weisbach. Giverhalfriction coefficients for the top-
lid and the wall are known as well as the velo@wer the width of the flume, it is
possible to determine the friction coefficient betbed surface and thus the bed shear
stress. However, it is complicated to obtain theieal average-velocity along the wall as
the flow velocities at the top and the bottom a Wall were not equal. This method can
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be useful once proper measure is applied to deterthie average-velocity near the wall.
At this moment, this method is not considered amgher.

Concerning the vertical flow pattern, the simulafiedv velocity is determined from
Figure 5.1 (b), (d), (f), and (h). The figures icatie that the arrows are almost horizontal
in the measuring position of the EMS. This mearst tthe simulated vertical flow
velocities in the measuring position are very snfalinost zero). During the test, the
vertical flow velocity was measured by the EMS (ssetion 4.1). The measured
velocities are approximately within the range of040— 0.005 m/s for all three samples.
In this respect, it is concluded that the computed measured flow velocities are in the
same range.

In conclusion, despite a difference between thgedatial flow velocity from the
model and the measurements by the EMS, the bed streases for both velocities are
within the same range considering the contributadnthe rougher bed surface as
discussed above. It is then concluded that the moualput is acceptable and that the
calculation of the bed shear stress by the modedlid.

vw-field; 0= -0.516 rpm; ratio = 1.97; depth = 0.26 cm

ufield; o, =-0.516 rpm; ratio = 1.97; depth = 0.26 cm

50 100 150 200 250 300 . 04smmmmmemss
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(a) Tangential flow velocity step 2

u-field; 0= -2.065 rpm; ratio = 1.97; depth = 0.26 cm
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(c) Tangential flow velocity step 5

u-field; o, = -3.097 rpm; ratio = 1.97; depth = 0.26 cm
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(e) Tangential flow velocity step 7
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(b) Seconddoyfvelocity step 2
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u-field; o= -5.420 rpm,; ratio = 1.97; depth = 0.26 cm vw-field: =-5.420 rpm; ratio = 1.97; depth = 0.26 cm
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y [mm]
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(g) Tangential flow velocity step 13 (h) Secondtioyv velocity step 13
Figure 5.1: Typical results of LES simulation bdtr the tangential flow (a), (c), (e), and (g) atine
secondary flow in a cross-section of the flume (W), (f), and (h) with the outer bend at right.eTh
numbers in those left figures indicate flow vel@st [m/s]. In all figures the position of the EMS i
indicated.

Sample Rotational Computed Measured Difference

step Flow velocity flow velocity

Ugy-2TIRGY, [M/S] EMS [m/s] [%]

% 2 0.095 0.076 +20
% 5 0.401 0.296 +26
)
° 7 0.590 0.454 +23
>
= 13 1.050 0.816 +22
- 2 0.097 0.071 +27
8 4
R 5 0.390 0.304 +22
€ £
g 3 7 0.590 0.468 +21
=

13 1.050 0.805 +23
% 2 0.096 0.072 +25
S
< 5 0.385 0.309 +20
)
?5 7 0.585 0.478 +18
N

13 1.025 0.836 +18

Table 5.1: Comparison between the simulated flolwaites and the velocities measured by the EMS. Fo
each sample, the velocities of 4 of the 13 rotatiateps are compared. In the last column therdifige
between both considered velocities is shown.
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Sample | Rotationall Calculatedr, T, based on
step LES model rougher bed
[Pa] [Pa]
é_ 2 0.03 0.02
S 5 0.27 0.25
>
§ 7 0.57 0.60
= 13 1.59 1.93
© 2 0.03 0.01
8 4
g2 5 0.27 0.25
e
E o 7 0.57 0.59
c
- 13 1.6 1.74
Q 2 0.03 0.01
3
© 5 0.27 0.22
>
E 7 0.57 0.53
]
@ 13 1.59 1.63

Table 5.2: Comparison between the calculated bedrss$tress following the simulated flow and the bed
shear stress based on the roughness of the betesufthe results show that both bed shear stresses
within the same range for all three samples.
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5.2 Erosion of fines

For all three tests the concentration is increagngme in a similar way. At the
beginning of each rotational step the concentraticneases rapidly and almost linear in
time. After this, the concentration tends to edpuilim. This is especially observed for the
lower bed shear stresses. For larger bed sheasarethe duration of the steps is
apparently not sufficient to reach this equilibriuifhese typical profiles are further
discussed in section 5.5. Here it is discussed thmvOslim data are related to some
calibration data. Next, the vertical concentratfmofiles as well as the accompanying
mean concentrations are considered. With the derevaf the mean concentration as
function of time (and the erosion surface) the ierosate can be determined. In addition,
using the maximum concentration, it is possibldeave the total mass of eroded fines.

For the muddy and intermediate samples (see FiglBeandFigure 4.14, the
measurements of the 0-30 g/L Oslims and the samptioncentration show a fair
agreement for most rotational steps, except thp dte- 7. The difference between
concentrations within these steps appears consigerfaor the measurements of the 0-2
g/L Oslims are larger than the sampling data. Tifferénce between concentrations is
possibly subject to the sensitivity of the methatedmining the sampling concentration.
This explanation is, however, not clearly identfidhe utilization of the measurements
of the 0-2 g/L Oslims should be carefully made. @aned to the muddy and intermediate
samples, the Oslim data of the sandy sample Kepee 4.19 show different behavior.
For both the 0-30 g/L Oslims as the 0-2 g/L Osliims measured data are lower than the
sampling concentration®robably this is due to the relatively large corragion of sand
in the water samples extracted from the flume (sfiee regime). As the Oslims were
calibrated before the tests for the fines only, mnmatch is expected between the
measured data (Oslim) and sampling data (by thengaimples taken during the tests).

The sampling concentration is based on the weifjpadicles. This implies that the
measurement is related to the volume of particMs=pv = p4/37r®). This means that

the measurement with larger particles like sand lemd to a larger concentration
compared with fine particles. This explains thgéasampling concentration for the sandy
sample as some sand particles were extractedhaetavater samples. The same effect of
the sand particle does not occur with the Oslimceatration. In fact, large particle like
sand can influence negatively on the measuremethieoDslim as, in principle, difficulty
can be expected in the transmission of light bypsnded particles. From the two
abovementioned explanations, it is concluded thatdifference between the sampling
and the measured concentration is logical. Thus,ctincentration as measured by the
Oslims can be accepted. To determine the totalezdration profile as function of time
for the whole test, a combination of the measuramehboth the 0-2 g/L Oslims and the
0-30 g/L Oslims is made; for lower concentratiohe measurements of the 0-2 g/L
Oslims are utilized, whilst for higher concentratithe concentrations are taken from the
0-30 g/L Oslims.

To determine the total amount of eroded findds{) the total average
concentration has to be multiplied by the volumewgdter in the flume. When the
concentration is uniform over the vertical, the meancentration as measured by the
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Oslims can be used. However, in case of a non-umifeertical concentration profile, a
different approach is required to determine themmmcentration. Here it is discussed if
a vertical concentration profile exists and how theerage concentration can be
determined.

As the Oslims are located in different vertical ifoss, it is possible to determine
the differences between these measured concensatio this way a vertical profile of
the concentration can be derived. The verticaltmrs of the different Oslims above the
bed are indicated ifigure 5.2 Figure 5.3and Figure 5.4 show the differences between
Oslims 1 and 3, 2 and 3, 1 and 2 and 4 and 6.ddiglures at right these differences are
averaged over 500 s and plotted together. In tlag the results can be compared. A
positive difference means that the concentratioasued by the lower Oslim has a larger

concentration than the higher located Oslim. Foegative difference the higher Oslim
has a larger concentration.
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Figure 5.2: Differences in concentration betwedferintly located Oslims (see for their verticakfimns
(Figure 3.15 for the muddy sample. In (a) the differences letwOslims 1 and 3 (), 2 and 3 (), 1 and 2
(Il and 4 and 6 (IV) are shown. These differenaes averaged over 500 s and plotted togethenin (b
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Figure 5.3:Differences in concentration data between diffdyeltdcated Oslims (see for their vertical
positions Figure 3.15 for the intermediate sample. In (a) the diffeenbetween Oslims 1 and 3 (1), 4 and
6 (II) are shown. These differences are averaged ®90 s and plotted together in (b).
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Figure 5.4:Differences in concentration data between diffdyelticated Oslims (see for their different
vertical positiongrigure 3.1% for the sandy sample. In (a) the differences betwOslims 1 and 3 (l), 2
and 3 (ll), 1 and 2 (lll) and 4 and 6 (V) are slmwhese differences are averaged over 500 s ariegbl
together in (b)

For the muddy sample the difference between thesamed concentration for Oslim
2 and 3 and 4 and 6 is small. The difference betv@dim 1- 3 is more or less equal to
the difference between 1 and 2. In both cases thémum difference is around 0.15 g/L,
which is around 3% of the maximum measured conagatr. However, it occurs that the
concentration difference is negative, which indésad larger concentration for the higher
Oslim.

For the intermediate sample the data of Oslim otsconsidered, as its values are
lower than those of Oslim 1 and 3. This is in cadiction with the other two tests, where
the data of Oslim 2, as expected, nicely fit innen the data of Oslim 1 and 3. This is
probably due to the experimental set-up, as sonestimaterial accumulated in the tube
through which water is pumped towards the Osline d@tiference between Oslim 4 and 6
is again small. The maximum difference betweenr@dli and 3 for this test is again
around 0.15 g/L. This comes down to approximatély a&f the maximum measured
concentration. Furthermore, it occurs that for acemtration of 5 g/L and higher, the
difference between Oslim 1 and 3 decreases andvi@cpositive.

For the sandy sample more or less similar diffeesrere found as for the first two
tests. Again small differences between Oslims 2 @nand 4 and 6 are found. The
differences between 1 and 3 and 1 and 2 are labgéthe maximum difference is still
only 4% of the maximum concentration. The only elifince between this test and the
other two is that more noise is occurring on thacemtration as function of time (see
Figure 4.19, which also occurs for the differences between dltput of the Oslims
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(Figure 5.4. Probably this is the effect of the relativelyga concentration of sand during
this test (sheet flow regime). The relatively lasgad grains might cause oscillations in
the measurement of the concentration as deternfipége Oslim.

Considering the small differences between the aumnagons as measured by the
different Oslims, it is concluded that no verticahcentration profile can be identified. In
fact it is possible that those small differencegh@ concentrations are due to the error
during the calibration process of the Oslims. Far tlow in a straight flume a vertical
concentration profile is expected to occur. Howewercase of an annular flume the
occurring secondary currents are considerable.odeerring 3D turbulent flow pattern
mixes the water column and eliminates the presehaevertical concentration profile.

Additionally, Figure 5.5 (a) and (b) indicate thiate to the two dominant secondary
flows (the upper and bottom cells) the convergihgancentrations was occurring near
the measuring position of the highest Oslim. Thighthexplain the negative differences
as found. However, the differences between 1 aatdtBe one hand and 4 and 6 at the
other hand are not the same. This is strange egsaite positioned at the same heights so
identical concentrations are expected. This suppb#d statement that the differences can
probably be subscribed to errors made during thieration of the Oslims.

As no vertical concentration profile is identifiedthe mean concentration in time is
determined by averaging the data of Oslims 4 afat éhe concentrations between 0 and
2 g/L. For the larger concentrations the averag@siims 1, 2 and 3 is applied. Only for
the intermediate sample the data of the middlen®&%) is not considered for reasons as
discussed.

vw-field; o, = -5.420 rpm; ratio = 1.97; depth = 0.26 cm vw-field; o, = -5.420 rpm; ratio = 1.97; depth = 0.26 cm
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Figure 5.5: Typical LES flow patterns in cross smttof the annular flume with the outer bend ahtigrhe
three locations of the Oslims are indicated bytktiek lines at the outer bend.

57



5.3 Erosion of sand

For all three tests some movement of sand was wéxsérom rotational step 5r(

= 0.3 Pa), as eroded sand was rolling and jumpimiggathe surface of the sediment bed.
The occurrence of this bed transport is checkedh Bihield’s theorem of the initial
motion of grains (see Figure 5.7). Shields’ paramnist calculated for the bed shear stress
as determined by the LES model (~ 0.3 Pa) and aameptain size (g) of 125um. this
comes down to a value of approximately 0.15. Thisi® is between 0.03 and 0.8, which
indicates that bed transport is expected to occur.

During rotational step 77(= 0.6 Pa), it was observed that eroded sand stésted

accumulate on the bed surface along the outer bétiie flume. This accumulation of
sand was occurring in a similar way for the testgle intermediate and sandy sample.
This is explained by an influence of the secondiamy within the flume. The conceptual
illustration in Figure 5.6 (a) shows the movementmded sand toward the outer bed. To
explain how the secondary flow influences the mosetof the sand, the secondary flow
directions are shown in Figure 5.6 (b)). The arfowthe secondary flow along the bed
indicates that sand can be transported towardstites bend.

Around three minutes from the beginning of rotagiorstep 7 ripples were
developing in the layer of accumulated sand. Fas tbtational step (~ 0.7 Pa) the
Shields’ parameter is approximately 0.36. This gailsl relatively low, considering the
value as found by Shields for the occurrence ofbid forms. The average height of the
ripples was around 0.5 cm and the average lengtimdr7.5 cm for both the test on the
intermediate and sandy samples.

From rotational step 87(= 0.95 Pa) onward, the ripples were washed outtla@d

bed became plane again. Eroded sand was transjpodédtiin layer above the bed with a
high concentration of sand. This indicates the sfle& regime for the transport of sand.
It was, therefore, concluded that rotational stefo®ns the transition of sand being
transported in the bed load regime and in the sth@etregime. For the calculated bed
shear stress (~0.95 Pa), the Shields’parametgrpg@mately 0.48. This is still lower
than the threshold for a sheet flow regin®> 0.8 by Dohmen-Janssen, 1999). The
possible explanation for the difference betweenShields’ parameters is that the actual
bed shear stress as occurred might locally be higispecially along the bed surface near
the outer bend. It should be noted as well thatbld shear stress as determined by the
LES is derived based on a smooth bed surface. Wehlarger roughness of the bed
surface due to the bed forms compared with the #mbed surface, it is logical to
assume that apart from the normal shear forceag fdrce also played a role for causing
sand to move. For this reason, the bed shear etregere enhanced with the normal
stresses due to the drag force. As a result, Skigldrameters were larger than the
parameters calculated based on the smooth bedsufaother measure which confirms
the occurrence of the sheet flow regime is a sedlimmencentration. At rotational step 8,
Figure 5.12 indicates that 0.25 kg of fines and k@ of sand were being eroded. This
means that 13% of sediments (by weight) were trameg in the suspension layer and
87% in the sheet flow layer. This result agreesl wah a criterion for the distinction
between modes of erosion proposed by Dohmen-Ja(ik389).
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Figure 4.19 indicates that from around t = 8000amoise was occurring in the
profiles of the Oslim output. This can possibly eeplained by the relatively large
amounts of sand that were brought into suspensaa r@sult of the sheet flow regime.
The occurrence of the smallest sand particleseniritet tubes for the Oslim could have
caused noise in the output signal.

After the test, the accumulated sand on the befhcialong the outer wall was

collected and, subsequently, oven-dried for 24 $atil05C to determine the total mass
of eroded sand. This mass is important as its vialused to compare with the estimated
mass of eroded sand following from the mass balahlse masses of accumulated sand
are approximately 21.26 kg and 13.49 kg for theermediate and sandy sample,
respectively. For the muddy sample no sand wagaell because the accumulation of
sand was very little. Therefore, it was impossiiol@ccurately collect those eroded sand
from the bed.

:

Outer Bend

Inner bend
Culer Bend
Inmer Bend

m] 1 1 1 1 1

W=3%h W =3*h

(a) (b)
Figure 5.6: Schematic illustration of the crosstisecof the flume showing the sand accumulationthos
bed surface along the outer bend (a). This accumnlaf sand was a result of tangential bed trartsipo
combination with the secondary flow. The arrowgbi indicate that the secondary flow along the Ised
directed towards the outer bend.
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Figure 5.7: Shield’s diagram illustrates that aational step 4 the shields parameter locates lzktftn
initiation of motion of the sand. This implies t&snd particles started to move from this step odwa
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5.4 M ass balance

In order to determine the erosion rates of botlediand sand, it is necessary to
indicate the amount of eroded sand as functiomed.tHowever, for the annular flume as
applied in this study there is no direct measurdrteedetermine the mass of eroded sand
during the tests. For this reason, a mass balanapplied. With this method, the mass of
eroded sand can be determined using the concemti@tieroded fines as function of time.
To apply the mass balance concept, first the massoded fines as function of time is
determined by multiplying the volume of water ire ttume by the mean concentration of
eroded fines. This mass of eroded fines enablés dstermine the mean erosion depth of
the sediment bed. To do this, it is necessary tmkiine density of the sediment bed. For
this reason, the assumption is made that the watgent of the sediment bed during the
test is an average of the water content over thei@r depth before and after the test. It is
found (see Table 5.3 and Figure 5.9) that the enodepth is less than 1 cm. Therefore,
the average water content over the upper 1 cmeobdd during the test is used, which is
39.9%, 22.8% and 27.3% for the muddy, intermedsate sandy sample, respectively.
This water content is applied to determine the dgnsity of the sediment bed.
Considering the mass of eroded fines in a comlmnatvith the dry density of the
sediment bed and the contents of fines and sared Table 3.1), the erosion depth is
determined. Next, it is assumed that the sand withis layer is eroded simultaneously
with the fines. In this way it is possible to detéme the mass of eroded sand as function
of time.

To verify the concept of the mass balance as de=strabove, the mass of eroded
sand following from the mass balance is compardtl tie mass of accumulated sand
along the outer bend. The results of this compar&ge presented in Table 5.3 as well as
plotted in Figure 5.8. Table 5.3 shows that the srfz@ance overestimates the mass of
eroded sand with around 25% compared to the masolksted after the test. This
difference can be explained as not all the ero@ded svas transported towards the outer
bend. Some sand is probably located on top of daengent bed as it was transported
along the bed in the tangential flow direction. &rer reason is related to the occurrence
of the sheet flow regime. Small fraction of sandswaought into suspension and
afterward settled down uniformly over the bed. As sand was collected merely from
the area along the outer bend (the accumulatedlaged, sand over the remainder of the
bed was excluded. As a result, the mass of erodedl sas collected appeared
underestimating.

In conclusion, the difference between the massadedl sand as collected and the
calculated mass from a mass balance can be exglgumitatively. Thus, it is assumed
that the mass of eroded sand as function of tinmebeadetermined by considering the
mass balance.
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Muddy | Intermediate  Sandy

sample sample sample
Water content upper 1 cm of bed [%] 39.9 22.8 27.3
Mass of eroded fines [kg] 4.42 12.29 1.97
Erosion depth [mm] 1.2 7.2 3.7
Mass of eroded sand (from bed) [kg] - 21.26 13.49
Mass of eroded sand (from mass balance) [kg] 1.11 8.672 17.70

Table 5.3: Erosion depth as determined following tass balance. Water content and mass of erauke fi
are required for its determination. The mass ofledosand as collected and the calculated massvfalio
the mass balance are also shown.
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Figure 5.8: Masses of eroded fines and sand for theigure 5.9: Erosion depths for the three different
three different samples. Mass of eroded sand @ alsamples as determined by the mass balance.
determined using the mass of eroded fines.

As the eroded sand was accumulating on the bedcsudlong the outer bend, the
total surface area of erosion was decreasing ie.tiho determine the erosion rate, this
decrease of the surface area in time is requirgdagplying the mass balance approach
the mass of eroded sand as function of time cadebermined. In Table 5.3 it is found
that the amount of accumulated sand is around 2&8lexr than the mass based on the
mass balance. Therefore, the amount of sand asnataied along the outer wall can be
determined as function of time by subtracting 25.68termediate sample) and 23.8%
(sandy sample) of the mass of eroded sand in toth@ifing the mass balance approach.
For the muddy sample the average percentage ofwbeother tests (25%) is used to
determine the amount of accumulated sand as funofiime. The result is plotted for all
three samples (see Figure 5.10, Figure 5.11 anddé-k12).
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Figure 5.10: Mass of eroded fines, mass of erodemjure 5.11: Mass of eroded fines, mass of eroded
sand derived from the mass balance and masssafd derived from the mass balance and mass of
eroded accumulated sand as function of time for tamded accumulated sand as function of time for the
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Figure 5.12: Mass of eroded fines, mass of erodad derived from the mass balance and mass ofeérode
accumulated sand as function of time for the saszaiyple.

With this amount of accumulated eroded sand astibmof time, it is possible to
determine the decrease of the surface area foroerostime. To verify this calculation,
the results are compared with the final geometey width and height of the accumulated
sand as observed after the test. It is assumedhigtorosity of the sand along the outer
bend is around 45% (based on the porosity of aelggsacked sandy bed, see e.g. the
min-max porosity plot in Figure 3.2). The volume afcumulated sand is defined as a
function of the mass of eroded accumulated sandtendry density:
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Vsand = ﬂ (51)

dry

Wherevsand [m3] is the volume of accumulated said, [kg] the mass of accumulated

sand andp,, [kg/m3] the dry density of sand. Figure 5.13 ithates the observed

geometry of the accumulated sand. Using this gegm#te width of the accumulated
sand is calculated. The results are showable 5.4 It appears that the calculated
widths and heights of the accumulated sand follgwthe mass balance approach
correspond to the observed geometry of the accuetusand. This again confirms the
applicability of the mass balance approach.

In conclusion, the width of accumulated sand iretican be determined as function
of time using the mass balance approach. This ntbabhslso the decrease of the surface
area in time can be calculated:

Area(f) = Areg,, — (T R-7( R W)?) (5.2)
where Area() [m? is the surface area as function of tinkrea,,,, [m?] the total surface

area of the bed surface(t) [m] the width of the accumulated sand as functbtime

and R [m] the outer radius of the flume. Using equat{érl) and (5.2) in combination
with the observed geometry of the accumulated ¢sewl Figure 5.13), the decrease of the
surface area as function of time can be determioedll three samples. The results are
shown in Figure 5.14.
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Figure 5.13: Schematic illustration of the erodefigure 5.14: Surface area of the sediment sample as
accumulated sand along the outer bend of the flunignction of time for the three samples, assuming w
The proportion between the height (h) and the wid8h, in the shape of Figure 5.15.
(w) is indicated.

Muddy Intermediate Sandy
Width of accumulated sand [cm] 1.7 8.4 6.7
Height of accumulated sand [cm] 0.6 2.8 2.2
{\:Inlg]lmum surface area for erosion 3.28 2 45 266

Table 5.4: Results for the width and height of #teumulated sand as determined by the mass balance
approach. The minimum surface area is also given.
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5.5Erosion rates

Using the mass of eroded sand and fines as funciamme, together with the
erosion surface in time, erosion rates for all éhsamples are determined. The erosion
rate is an important parameter to describe erdsébravior. By plotting the erosion rate as
function of the bed shear stress it is possiblgetermine the erosion parametdr.) and

the erosion thresholdr().

First, the total eroded mass is determined by comdithe mass of eroded sand and
fines, both as function of time. Next, the derivatof the total eroded mass in time is
determined. An example is shown in Figure 5.16. Biang this derivative with the
surface area of the sediment bed, the erosiorcestde determined. However, as can be
seen in the concentration profile as function aieifor all three samples (Figure 4.8,
Figure 4.14 and Figure 4.19), the concentrationsdoet increase linearly for each
rotational step. This explains why the derivatifehe total eroded mass in time is large
in the beginning of a rotational step, and decreasmvards zero. Only for low
concentrations equilibrium is reached, resulting irero derivative.
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Figure 5.16: Derivative of the total eroded massme

To determine the derivative of the total eroded snims time dM/dt should be
independent of the duration of a rotational stepweklver, Figure 5.17 indicates that
dM/dt varies for the different durations of a rotatideps @t). To solve this problem,
dM/dtis determined over certain duration. The local mitechange of the averaged
concentration is used to calculate the erosion Résults depend on the duration over
which the original signal is averaged. For thissmeg an optimum duration of a rotational
step (€It) is required. By choosing too large, the initial increase of the concentration is
averaged out. The duration of the initial incredspends on the concentration (see Figure
5.19 (b)). By takinglt < 0.1T, it is assumed that the sudden increase of coratemnt is
well represented. On the other hand, by choosingstoall dt, oscillations in the data
output result in too large and/or negative derxedj see example in Figure 5.19 (d).
Therefore, the time-scale of these oscillatiorthéslower limit ofdt.
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During the tests for all three sampl@sand the scale of the oscillation vary for
different rotational steps. Therefore, three déferdt are used to determindil/dt as
follows: 15 s, 50 s and 125 s for rotational step3l, 6 — 9 and 10 — 13, respectively.
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Figure 5.17: Schematic depiction of the total etbdé&igure 5.18. Schematic depiction of the total
mass in time. The duration for each rotational stepoded mass in time. In order to represent the
was not long enough for the profile to reacterivative correctly as it is determined locally.
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Figure 5.19: Result of the total eroded mass astifum of time: the profile for the whole test (dhe
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Figure 5.20: Erosion rates of fines (a, b and c) sand (d, e, and f) as function of the bed shieass Also
the mass of eroded fines and sand as functionnué is shown. The fit lines of the erosion rates are
extrapolated to the-axis to indicate the erosion threshold.
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Figure 5.20 shows erosion rates as function of applied bed shear stress. It
appears that for low, relatively large erosion rates occur, which ardidated by the
peaks in the erosion rate profiles. Despite thasgel erosion rates, the eroded masses are
still small for thoser,. This means that erosion did not really start.

For the tests with the intermediate and sandy sanimiee peaks occur before
erosion really starts. For the muddy sample only pgaks are identified. It appears that
the first peak occurs in all three casestfor 0.3 Pa. As discussed before, the fines that
were brought into suspension after removing thetdoil were re-suspended fay ~
0.3 Pa. This explains the occurrence of this erosite peak. Hence, bed erosion did not
really start. The second peak occurs#pr 0.6 Pa. This corresponds with the bed shear
stress at which ripples occurred on the accumulséed. Also this peak seems to occur
for constanty, independent of the applied bed compositions. fifed peak ¢, ~ 0.9) is
related to the transition from bed load regimelteet flow regime. For the muddy sample
the second peak is found fgr= 0.7 Pa.

From the erosion rates the erosion threshaldRa]) and erosion parameters (M
[kg/(s-nf-Pa)]) based on equation (2.17) are determinedtfifieshold is the intersection
of the extrapolated fit line with the x-axis. Theg&on parameter is the slope of the fit
line. Figure 5.21 shows the erosion threshold (al® erosion parameter for the fines

(c,d) and for sand (e,f) as function of the plastilmdex (a,c,e) and the relative water
content (b,d,f).
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Figure 5.21: Erosion threshold (a,b), the erosiarameter for fines (c,d) and sand (e,f) as functibthe
plasticity index (a,c,e) and the relative waterteon (b,d,f).

Figure 5.21 (a) and (b) show that the erosion ttolesof the sandy sample is larger
than the threshold of the intermediate and muddypéa This means that the sandy
sample has largest erosion resistance. Considéimge 3.2, the locations of all three
samples indicate that both the sandy and interrteed@mples are dominated by a sand-
silt sediment skeleton. Considering that the intmiiate sample locates closer to the
maximum porosity line in combination with its largaasticity index, it implies that more
clay fractions are located between the sedimerticpes of the intermediate sample. With
a sand-silt skeleton dominating, the addition @f ¢kay content results in the reduction of
the bed shear strength (Jacobs, 2005). Thus, itbeaconcluded that the intermediate
sample has smaller bed shear strength than they samaple. This explains the smaller
erosion threshold of the intermediate sample. F@ tuddy sample, Figure 5.20
indicates that the sample is dominated by a claigmmaatrix and thus, cohesive behavior
Is expected. Larger plasticity index also implies targe amount of clay for the muddy
sample. With these conditions, large erosion tholests expected for the muddy sample.
Apparently, this is not happened as the threshbtdeomuddy sample is small. The only
possible explanation can be that despite the pceseha clay-water matrix, the amount
of clay content may not be sufficient to form aosty matrix surrounding those silt and
sand particles. As a result, the sample still hasllserosion resistance and thus the
erosion threshold.

Figure 5.20 (c), (d), (e) and (f) implies that amgdhe three samples, the sediment
composition of the intermediate sample appears tasnaition of the sediment behavior
between non-cohesive and cohesive behavior. Frguréi5.20 (c) and (d), the erosion
parameter, in other word, the erosion rate of filsesonsidered. With small amount of
fines, it is logical that the erosion rate of firfes the sandy sample is small. With larger
amount of fines in the intermediate sample, thaierorate of fines is therefore increased
provided that the sample still exhibits non-cohednehavior. The trend of erosion rate
changes for the muddy sample. The muddy samplehwdxhibits cohesive behavior due
to sufficient clay content, has small erosion r&®m Figure 5.20 (e) and (f), the erosion
parameters or the erosion rates of sand is sinaléines. The only difference is the high
erosion rate of the sandy sample. With large amotitite sand content, it is logical that
the erosion rate of the sandy sample is large.
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As mentioned in the previous paragraph, a tramsibiosediment behavior between
non-cohesive and cohesive behavior is found. Thstigity index corresponding to this
transition is about 7. This value agrees well wfita plasticity index as commonly found
in geotechnical studies. From which it states foatthe sample with lower plasticity
index than this critical value, non-cohesive bebrnis exhibited, whereas for the sample
with higher plasticity index, cohesive behaviofaand.
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5.6 Time-dependent increase of concentration

According to the requirements of the sample geimrasee section 3.1), the
sediment bed should be entirely homogenous andmumifBy applying a bed shear stress
per rotational step, the concentration profile obded fines is expected to increase
linearly for a given bed shear stress, provided tha shear stress is larger than the
erosion threshol(r, >7_). However,the concentration profiles (see Figure 4.8, Figure

4.14 and Figure 4.19) show a non-linear increaséhifirst rotational steps.

From the results, the profiles for lower concembrarotational steps 1 — 5) show a
non-linearly increase. After an initially steep riease, the profiles approach a constant
value. For larger concentrations, the profiles eéase almost linearly for a given bed
shear stress. The concentration profiles withimtrohal steps 6 — 9 appear to increase
non-linearly, as observed for the lower concerdrati However, it is not possible to
predict a tendency for the latter part of the pesfidue to the limited duration of the
rotational steps. For this reason, two possibdif@r the profiles can be expected. After a
steep increase the profiles are assumed to eiggmoach a constant value (see Figure
5.22 a) as found for lower concentration, or toréase linearly (see Figure 5.22 b) as
found for higher concentration.

To explain the occurrence of the unexpected conaon profiles of eroded fines,
the following explanations are considered as thssiabe causes:

* Occurrence of deposition

* Re-suspension of freshly deposited fines

» Variation of the critical bed shear stress withttiep
* Ripples as a result of the plastic

10/ c{t}=Al ] 10} cil) = Al

g cl) = A& | gl oty =Al-e™)
o o
ERFY B g
o g
s g
S 4 S 4
2 al
11B=10s
o ; : . ol " .
0O 20 40 60 &0 100 0 20 40 60 80 100
Time [s] Time [s]

(a) (b)
Figure 5.22:.Concentration profiles as function of time for camg equilibrium (a) and time-varying
equilibrium (b). The red lines indicate the cages,which bothE andD are independent of time, the
blue lines when both are a function of time.

1. Occurrence of deposition
Rate of change of concentratiadc/ot [g/m%s] is in general expressed as:

hoc/ot= E- D (Parchure and Mehta)  (5.3)

whereE [g/m?/s] is the erosion rate arii [g/m?/s] the rate of deposition at the sediment
bed.
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In principle, large concentrations yield a larggal&tion rate. If erosion raté&) is
constant, the increase of deposition rate will oeddc/dt to zero. The deposition rate in
general is expressed Bs=W,c, whereWs [m/s] is the settling velocity anc [g/m?] the
concentration of eroded fines. In Figure 5.23, th@centration increases (A) due to

erosion. After mixing of suspended fines (B), defas starts and increases (C) in time as
well.

-
Ll

Deposition

Concentration, ¢ [g/L]

Time, t [s]

A B C

Figure 5.23: Concentration profile showing the tioear increase. A, B and C indicate relations leemE
andD, starting from the bed being erodé&d> 0,D = 0 (A). After sometimes, concentration is mixifg;
0,D > 0 andE > D (B), and finally results in depositiog,= D (C).

For instance, the concentrations of eroded fineghatbeginning and the end of
rotational step 7 for the intermediate sample gpraimately 0.5 g/L and 0.7 gl/L,
respectively. This yields a deposition rate of 0g2%’/s and 0.35 g/ffs (Given a settling
velocity, W,, of 0.5 mm/s). By substituting these two depositiates into equation (5.3),
hoc/otis decreased provided that the erosion rate istant(& =~ 0.5g/m?/s). Once the
deposition rate is equal to the erosion (e~ E), hoc/otwill approach zero.

This explanation corresponds well for the profigssfound in the middle range of
concentration. The fact that the increase of thmosigion rate causelsdc/dtto approach
zero explains why the concentration profiles temdards a constant equilibrium value.
However, for the lowest concentratiobsis very small and much smaller th&n For
example, at rotational step 4 of the intermediatape E = 0.4 g/nf/s and the deposition
rates for the beginning and the end of the stepdd®25 and 0.05 g/ffs, respectively.
The effect of these deposition rates is insigniftcteompared with the occurring erosion
rate.D cannot affecE and, therefore, is not the reason dofdt to approach zero.

2. Re-suspension of freshly deposited fines

Figure 4.8, Figure 4.14 and Figure 4.19 indicatest tthe profiles for lower
concentration (from step 1 — 5) appear to havenaially steep increase at the beginning
of the rotational step, and approach a constamntevalmost immediately afterward. This
steep increase is in fact a result of the re-suspearof freshly deposited fines, which are
brought in suspension during the removal of thestgafoil (after the consolidation
process). The occurrence of the deposited finesesponds well with the first
concentration peak as shown in Figure 5.20 (a)agg) (e) (see section 5.5). These re-
suspended fines responded quickly to an erodingefarhich explains the initially steep
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increase of the profile. The ‘fines peak’ was oleedrfor all three tests for identical bed
shear streqs, =0.2 Pa), and also the values dfdc/dtare more or less the same.

I'reshly deposited fines

/ Bed shear strength, T, [Pa
A NWLLILIGL Wi I;:.l

a

=

54z

%}

Figure 5.24: Schematic illustration showingrthemak sediment bed with freshly deposited fines gn to
These deposited fines are a result of the remdveieoplastic foil after completion of the consalithn

process. The right diagram indicates the vertigstidution of the critical shear stress for ermE(iﬁe) .

To relate the erosion behavior of these depositeelsfto the profiles for lower
concentration, Figure 5.25 is considered. In thasire, the probability density function
(pdf of, i.e. r, of rotational step 1) exceeds some part of the @idthe erosion

thresholdr ). This means that only a limited amount of fines t@& eroded. This

e, layerl
implies that a thin layer of loose fines erodeltow 7, . As the availability of these fines

is limited, this can explain the time-dependentrabter of the concentration for the first
few rotational steps.

" ’[_’-e, layerl

Te_:, layer2

Probability density function

Bed shear stress, T, [Pal

Figure 5.25: Schematic illustration of the probitfpitiensity function of bed shear stres§ J developing
with increasing shear stresses. The highlighted anplies the limited amount of eroded fines wigspect
to the threshold of erosion for the freshly depsifines(7,, layerl). The most right vertical line

indicates the threshold of erosion for the norneal ¢7,, layer 2)
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3. Variation of the critical shear stressfor erosion on sediment beds

This explanation is often used to describe the lm@ar increase of the
concentration (Aberle, Kikora and Walters, 2004; e and Partheniades, 1979 and
Parchure and Mehta, 1985). With the increase ob#tk density in lowering depth, the
bed shear strength also increases. At certain pdiein the applied bed shear stress is

equal to the bed shear strength ¢ 7,), erosion will stop E=0). Considering this

condition with equation 5.3, together with the asption that no deposition occu® &
0), the rate of change of the concentration theiragehes zerhdc/dt=0). However,
this behavior is only observed for erosion expentaeusing deposited cohesive beds
(Parchure and Mehta, 1985). In this study, theiptesexplanation for the increase of the
bed density in the upper layer can be that thenseali bed was disturbed during the
placement process. As a result, the strength afipper sediment layer decreased.
Regarding the previous assumptions, after the liyedgposited fines as well as the
irregularities on the bed surface were all erodkd,actual bed surface began to erode
(real erosion). Figure 5.26 indicates the non-unifowertical distribution of the strength
of the sediment bed. For a given shear stressioarascurs in the beginning when the
shear stresér,)is larger than the shear strength of the (ggd This erosion behavior

corresponds well with the initially increasing ple$ (see Figure 4.8, Figure 4.14 and
Figure 4.19). As the erosion threshold increases wepth(z, 1), erosion is reduced.
Whenr, =7, erosion completely stog€& =0).As a result, the rate of change of

concentration approaches zefw¢/dt= 0)provided no deposition occur® (= 0). This

explains why the profiles approach zero at thearehch rotational step. When the shear
stress exceeds the erosion threshold of the bexvat depth (see Figure 5.26), erosion
occurs as a constant rate. This explains the lineagase for larger concentrations.

[ o Ty 1

ar strength, U, [Pa]

—_— \tIEL(T_b_:’Ee) :
N\

Normal bed

Constant £

(Tb > Te)

™

7

Figure 5.26: Schematic illustration showing the ismoht bed after the freshly deposited fines are all
eroded. The right diagram indicates the non-unifeertical distribution of the strength of the bddhe
shear strength of the bed becomes more uniforowarldepths.

Erosion depth [m]
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4. Influence of theripplesasaresult of the plastic

Another possibility for an explanation of the namelar increase of the
concentration profiles is that the eroding forcetlo@ occurring initial bed forms (ripples
due to wrinkles) was in fact greater due to norstedésses acting on them (see Figure
5.27a). If the result of this normal stress and ghear stress is larger than the critical
shear strength, erosion occurs (see Figure 5.2¥%e @hese irregularities are smoothened,
the eroding force is only a shear stress a@ginr,). This means that erosion stops and

thus, the concentration profile approaches a cahstdue (see Figure 5.27 b).

To explain the erosion behavior, Figure 5.20 (and e) are considered once again.
It appears that despite the applied bed shearssgescreasing beyond the shear stress at
the first peak of the concentration rate, the cdtehange of suspension concentration is
still relatively small. This implies that the apgdi bed shear stresses are still smaller than
the threshold of erosion. Once, the bed shearsstneseeds the erosion thresh@ld>17,),

the erosion rate appears to increase linearly psated.

Only shear

Shear + Normal

Concentration, ¢ [g/1]

Time, t [s]

(b)

Figure 5.27: Schematic illustrations (a) the presesf the normal stre¢e7) acting as an additional eroding

force next to the shear strggg). Once, bed forms were all eroded, only the bedrséieass is active as
the normal stress becomes zero. As a result, belypéd shear stress is not able to erode the setdbads
becausg, <T,. therefore, the concentration profile approachesretant value (b).

75



6 Conclusions and recommendations

6.1 Conclusions

In this study, erosion tests with an annular flumere executed on artificially
generated sand-mud mixtures with three differemimasitions; a muddy, an intermediate
and a sandy sample. The samples were homogenemisgd and 100% saturated.
During the tests, the bed shear stress was inaesiep-by-step. The concentration of
suspended fines was measured at three verticalidosausing Oslims. The horizontal
and vertical flow velocities were measured by EMSides. The flow-induced bed shear
stresses were calculated by means of a large aduyasion model. Erosion rates and
erosion thresholds were studied.

Although there was a slight mismatch between catmnis and measurements, it is
concluded that the simulated bed shear stressesgoed representation of the occurring
bed shear stresses. This implies that for a faimpoth or transitional roughness of the
sediment bed, such a model is a good alternativedmplicated measurements of the
bed shear stress.

The occurrence of both tangential as secondaryewtsrin the annular flume had
two advantages: 1) No vertical distribution of tbencentration of suspended fines
occurred. Therefore, the mean value of concentratias easily determined. 2) The
accumulation of eroded sand on the bed surfacegatba outer wall of the flume
occurred. By collecting and weighting this sandg tmass of eroded sand could be
determined and consequently verified the estimdttawing the mass balance concept.

By setting up a simple mass balance it is, theegfooncluded that the amount of
eroded fines can be used to determine the amouwstoded sand. The latter is a problem
when applying annular flumes, as no sand trap easpplied. Afterward, the erosion rate
for both mass of eroded fines and sand were datedras function of bed shear stress.

Concerning the concentration profile of eroded male for the first rotational
steps an unexpected time-dependent behavior wasvelosin the concentration. Several
explanations were studied. It is concluded that bi@havior is a result of the placement of
the sample and the subsequent process of consoftiddthese experimental artifacts
disturbed the upper layer (mm’s) of the sediment bethis layer the erosion threshold
was varying both in vertical and horizontal direatiwhich caused the time dependency.

After the unexpected behavior in the first rotatibsteps, the concentration was
increasing linearly for larger bed shear stresds Theans that the applied bed shear
stresses had exceeded the critical shear streserdsion. As a result, erosion was
significant and uniformly occurring from the whaderface of the bed.

From the results of the erosion threshold of alk¢hsamples, it can be concluded
that for the sample exhibiting non-cohesive behaife addition of the clay content will
result in smaller bed shear strength. As a rethdt,erosion threshold decreases. For the
sample exhibiting cohesive behavior, the additidntte clay content has different
influence on the bed shear strength. With addeg adatent, the bed shear strength will
increase. As a result, the erosion threshold ise®a
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From the results of the erosion parameters ohadlet samples, it can be concluded
that the effect of cohesive behavior is considerablthe erosion rate of the sample. This
cohesive behavior makes it more difficult for bétie and sand particles in the sediment
mixture to be eroded. On the contrary, a cohesssribehavior shows no influence on the
erosion rate of the sample.

In addition, a transition of sediment behavior betw cohesive and non-cohesive is
found at the plasticity index 7. This agrees wathwhe transition as commonly found in
geotechnical studies. This can draw the conclugiahthe geotechnical approach can be
used to define erosion behavior of mixed sedimeny well.

6.2 Recommendations

It is recommended to extend the duration of a imtat step. This can enhance the
distinction between depth limited and unlimitedston. The distinctive type of erosion is
important for an accurate determination of erosite. For this reason, the duration of
around ¥z - 1 hour per rotational step is recomménde

In this study special care was paid to the ger@raplacement and smoothening of
the sediment bed. However, still some unexpectéwier was observed for the first
rotational steps, such as the depositional finestduhe placement of the plastic and the
non-uniform sediment density in the upper bed layiérnis behavior should be further
qualified and quantified, as it might be importéort the results of other erosion studies
using different or similar experimental setups.

In order to study the effect of the sediment contps on the erosion behavior
further, it is recommended to execute more experimeilso the effect of stratified beds
and consolidated beds could be studied.

The results of this study should be compared widlvipus erosion tests in a straight
flume on similar samples. In this way more condusican be drawn on the behavior of
the erosion threshold and the erosion parametiemasion of the plasticity index and the
relative water content. These results should ats@dmpared with the newly proposed
formula.
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Appendix: Calibration of Optical silt
measuring instrument (Type OSLIM)

As mentioned in section 3.3.3 (the measurementntqubks), five Oslims were
calibrated for a variety of sediment concentratiand suction speeds. First, the Oslims
were calibrated for concentrations using the déifeérproportions of silt and clay of the
three samples (see Table 3.1). Second, the Oslans galibrated using the three suction
speeds for the pumps. As the percentage in masst @nd clay as obtained from the
manufacturer is not the same as in volume, theahctamposition is calculated using the
following percentage of all sediment fractions:

grcl ['] fsi ['] fsa [']

clay from bag 0.312 0.688 0
silt from bag 0.039 0.786 0.175
sand from bag 0 0.006  0.994

As a result, the actual proportion in mass ofasilll clay are:

Muddy sample: M_cl:M_si=1.1286:1

Intermediate sample: M cl:M si=1.1736:1

Sandy sample: M cl:M_si=1.345:1

Here, an example is given for the calculation af thass of silt and clay. For a
concentration of 1 g/L with water of 4 liters, ugithe proportion of clay and silt for the
muddy sample as shown above the concentrationresgai mass of clay of 2.1 g and a
mass of silt of 1.9 g.

Besides, these three proportions of clay and@gtims were also calibrated for the
three suction speeds of the pumps; 0.183 m/s, OrB8&nd 0.557 m/s (see section 3.3.3)

Sediment Concentration Oslim Calibration Pump
Range [g/L] plot

0-2 9 (3x) Al 3

Sandy 03 - (3 - S
Intermediate 0-2 9 (3x) Bl 2
0-2 7 (3x) B2 2

0-2 9 (3x) C1l 2

Muddy 03 = 30 = :

Table A: Overview of the Oslim calibration for thencentration range 0-2 g/L
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Sediment Concentration Oslim Calibration Pump
Range [g/L] plot

0-30 2 (3x) D1 2

Sandy 0-30 8 (3x) D2 2
0-30 4 (3x) D3 2

0-30 2 (3x) El 1

Intermediate 0-30 8 (3x) E2 1
0-30 4 (3x) E3 1

0-30 2 (3x) F1 1

Muddy 0-30 8 (3x) F2 1
0-30 4 (3x) F3 1

Table B: Overview of the Oslim calibration for tbencentration range 0-30 g/L

Note: The term (3x) in Table (A) and (B) indicatbat the Oslims are calibrated for 3
times with different suction speeds of the pump.

Calibration of Odlims

Date: 7/28/2007
Range of concentration: 0-2 g/L
Composition: Sandy sample
Turbine speed = 250 rpm Clay/Silt ratio = 1.345
Condition: the pump is connected with the Oslim2grumpheads. Each Oslim is calibrated
for the specified concentraion, with a correspoggiump discharge
Oslim configurations: Pump#3
switch/ Oslim no. 9 7 Voltage Discharge [tsh
1 500 500 2.4 2.3
2 3 2 49 4.6
3 initally set initally set 9.0 5.9
4 100 100
Concentration Oslim no. 9 Oslim no. 7
[unit] 2.3cnils | 4.6 cnis 7 cnils 2.3cr¥s | 4.6 cnis 7 cnils
0 -0.002 -0.004 -0.002 0.004 0.003 0.002
0.05 0.085 0.092 0.093 0.091 0.101] 0.10¢
0.1 0.164 0.183 0.193 0.182 0.199 0.21(
0.2 0.587 0.640 0.642 0.628 0.688 0.705
0.3 1.011 1.104 1.094 1.084 1.188 1.189
0.4 1.438 1.520 1.541 1.534 1.664 1.673
0.5 1.866 2.007 1.992 1.994 2.167 2.167
0.7 2.725 2.965 2.919 2.903 3.169 3.173
0.9 3.573 3.832 3.823 3.834 4.174 4.141
1 4.012 4.227 4.274 4.302 4.587 4.639
1.1 4.473 4.726 4.777 4.780 5.055 5.187
1.2 4.890 5.165 5.218 5.254 5.562 5.657
1.4 5.708 6.003 6.097 6.231 6.466 6.621
1.7 6.971 7.381 7.493 7.423 7.946 8.116
2 8.225 8.682 8.822 8.937 9.343 9.606
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Al

A2

Concentration [gr/l]

Concentration [gr/l]

Sandy sample OSLIM no. 9; range 2 gr/l

2.25
2.00 £
175 +
150 |
1.25 +

1.00 |

—Q=7cm3ls

———Q=23cm3s | - 0 2377x + 0.0455
—————Q=46cm3/s | = 0,2255x + 0.0405

=0.222x +0.0451

2.00 3.00 4.00 5.00 6.00 7.00

Output Voltage [V]

Sandy sample OSLIM no. 7; range 2 gr/l

8.00

———Q=23cm3i2

Q=dascmys | v=02201x+00483
B ¥ =0.2096x + 0.039
Q=7cm3ls y=0.2045x + 0.0448
| | | |
1 2 3 4 5 6 7

Output Voltage [V]
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Bl

Calibration of Odlims

Date: 7/28/2007
Range of concentration: 0-2 g/L
Composition Intermediate sample
Turbine speed = 250 rpm Clay/Silt ratio = 1.1736
Condition: the pump is connected with the Oslimsat2 pumpheads. Each Oslim is calibrated
for the specified concentraion, with a correspoggiump discharge
Oslim configurations: Pump#2
switch/ Oslim no. 9 7 Voltage Discharge [ish
1 500 500 22 23
2 3 2 3.8 4.6
3 initally set  initally set 8 7
4 100 100
Concentration Oslim no. 9 Oslim no. 7
[unit] 2.3cnils | 4.6cnis 7 cnils 2.3c¥s | 4.6cnis 7 cnils
0 -0.011 -0.009 -0.011 -0.010 -0.009 -0.007%
0.05 0.212 0.238 0.229 0.224 0.269 0.253
0.1 0.437 0.479 0.463 0.460 0.530 0.507
0.2 0.875 0.943 0.934 0.928 1.067 1.022
0.3 1.324 1.420 1.396 1.408 1.541 1.521
0.4 1.754 1.842 1.867 1.861 2.001 2.03¢
0.5 2.214 2.318 2.324 2.358 2.517 2.53¢
0.7 3.094 3.201 3.242 3.331 3.478 3.526¢
0.9 3.955 4.091 4.144 4.273 4.432 4.508
1 4.379 4.548 4.614 4.691 4.920 5.017
1.2 5.243 5.445 5.492 5.709 5.869 5.983
1.6 6.893 7.183 7.317 7.520 7.745 7.946
2 8.567 8.961 9.225 9.258 9.663 10.000

Intermediate sample OSLIM no. 9; range 2 gr/l

2.25
2.00 | l

1.75 1

1.50 -
1.25
1.00

0.75 1

Concentration [gr/l]

———Q=23cm3/s y = 0.2323x - 0.0073

———Q=46cm3/s y =0.2234x - 0.0102
=0.2177x - 0.0022

—Q=7cm3/s

Output Voltage [V]
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Intermediate sample OSLIM no. 7; range 2 gr/l

2.25 -
2.00 -
175 ©

[gr/]

1.50 &
125
1.00

0.75 ©

Q=23cm3ls

Q=ascmys | Y= 0-2138x-0.0025

y =0.2075x - 0.0144
Q=17cm3ls y =0.2007x - 0.0038

Concentration

050 +
0.25 £

0.00 + ‘ ‘ ‘ 1 1 1 1 1

Output Voltage [V]

Calibration of Odlims

Date: 7/30/2007
Range of concentration: 0-2 g/L
Composition: Muddy sample
Turbine speed = 250 rpm Clay/Silt ratio = 1.1286
Condition: the pump is connected with the Oslimsabr2 pumpheads. Each Oslim is calibrated
for the specified concentraion, with a correspoggiump discharge
Oslim configurations: Pump#2
switch/ Oslim no. 9 7 Voltage Discharge [tsh
1 500 500 2.2 2.3
2 3 2 3.8 4.6
3 initally set initally set 8 7
4 100 100
Concentration Oslim no. 9 Oslim no. 7
[unit] 2.3cm3/s| 4.6 cm3/g 7 cm3/g 23cm3/ls  4.8/em 7 cm3/s
0 -0.045 -0.046 -0.047 -0.019 -0.018 -0.019
0.05 0.159 0.178 0.180 0.197 0.211] 0.225
0.1 0.373 0.410 0.407 0.421 0.460 0.463
0.2 0.784 0.852 0.847 0.860 0.926 0.939
0.3 1.209 1.289 1.292 1.305 1.377 1.410
0.4 1.619 1.716 1.729 1.746 1.854 1.8872
0.5 2.034 2.137 2.137 2.198 2.323 2.323
0.7 2.863 3.006 3.031 3.070 3.214 3.289
0.9 3.703 3.849 3.895 3.960 4.109 4.210
1 4.115 4.318 4.351 4.403 4.605 4.708
1.2 4.968 5.254 5.298 5.306 5.613 5.730
1.6 6.593 6.927 7.003 7.053 7.424 7.557
2 8.191 8.624 8.740 8.779 9.176 9.424
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C1l

C2

Concentration [gr/l]

Concentration [gr/l]

Muddy sample OSLIM no. 9; range 2 gr/l

——Q=7cm3ls

——Q=23cm3s |y - 02418 + 0.0084
—Q=46cm3Is |y - 02303x + 0.0063

y =0.2273x + 0.0088

Output Voltage [V]

Muddy sample OSLIM no. 7; range 2 gr/l

2.25 ¢
2.00 +
175 +
150 ©
125
100

0.75 ©

—Q=23cm3ls
——Q=4.6cm3/s
—Q=7cm3/s

y = 0.2266x + 0.0037
y =0.2165x + 0.001
y =0.2114x + 0.0031

Output Voltage [V]
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Calibration of Odlims

Date: 07/082007
Range of concentration: 0-30 g/L
Composition: Sandy sample
Turbine speed = 250 rpm  Clay/Silt ratio = 1.345
Condition: the pump is connected with the Oslimath® pumpheads. Each Oslim is calibrated
for the specified concentraion, with correspongingnp discharges
Oslim configurations: Pump#2
switch/ Oslim no. 2 8 4 Voltage Discharge fish
1 500 500 500 2.2 23
2 2 3 3 3.8 4.6
3 initally set initally set initally set 8 7
4 10 10 10
Concentration Oslim no.|2 Oslim no. § Oslim no. 4
[unit] 2.3cnils| 46¢cnils | 7enils | 23cmis | 4.6cms | 7enils | 23cmis | 46cnis | 7 cenils
0 -0.071 -0.070 -0.071 0.071 0.071] 0.071 -0.005  0049. -0.004
1 0.354 0.396 0.385 0.513 0.537 0.537 0.414 0.454 .4680
2 0.758 0.781 0.818 0.939 0.979 0.986 0.835 0.784 .88%0
3 1.153 1.202 1.242 1.343 1.403 1.419 1.230 1.205 .3091
4 1.535 1.585 1.685 1.730 1.811 1.83% 1.612 1588 .7521
5 1.908 1.980 2.103 2.113 2.183 2.239 1.985 1.983 .1702
7 2.616 2.768 2.874 2.846 2.961] 3.133 2.693 2771 9622
9 3.123 3.480 3.586 3.477 3.679 3.87% 3.200 3.483 .6533
12 4.108 4.466 4.698 4.391 4.649 4.756 4.053 4.481 4.678
15 4.959 5.400 5.632 5.240 5.523 5.668 4.904 5.367 5.613
20 6.277 6.807 6.925 6.542 6.911 6.915 6.135 6.643 6.855
25 7.524 7.987 8.192 7.399 7.841 7.976 7.292 7.748 7.999
D1
Sandy sample OSLIM no. 2; range 30 gr/l
30 ¢
28 +
26
24 +
=22+
> 20 ©
=18 ¢
£ 16
=14 T
g 12+
c 10 + -~ T QE23emIS ) 1940 4 2.3832x+ 0.1079
8 8 ; v —Q=46cm3is .1248x§+2.0772x+0.2647
Z ————Q=7cm3s ).1336x" +1.9065x + 0.3126
6 +
4 _£
2 _£
0 A e

Output Voltage [V]
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D2

D3

Concentration [gr/l]

Concentration [gr/l]

Sandy sample OSLIM no. 8; range 30 gr/l

—Q=23cm3ls
—Q=4.6cm3/s
—Q=7cm3s

(194X + 1.8692x + 0.0546
681X + 1.8015x + 0.0652
[1842x° + 1,6134x +0.1731

Output Voltage [V]

Sandy sample OSLIM no. 4; range 30 gr/l

—Q=23cm3ls
—Q=4.6cm3ls
—Q=7cm3ls

(L605x” + 2.2734x - 0.0326
501" + 2,000 + 0.2402
15975 + 1.796x + 0.2233

Output Voltage [V]
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Calibration of Odlims

Date:

07/082007

Range of concentration:
Composition no. Intermediatt sample
Turbine speed = 250 rpm

Condition:

0-30

g/L

Clay/Silt ratio = 1.1736
the pump is connected with the Oslimat® pumpheads. Each Oslim is calibrated

for the specified concentraion, with correspondingnp discharges
Oslim configurations:

Pump#1

switch/ Oslim no. 2 8 4 Voltage Discharge [c¥g]
1 500 500 500 155 2.3
2 2 3 3 33 4.6
3 initally set initally set initally set 8 7
4 10 10 10
Concentration Oslim no.|2 Oslim no. § Oslim no. 4

[unit] 2.3cnils | 4.6ciVs | 7cenis | 23crils | 46cmis | 7enis | 23crils | 4.6ciVs | 7cenils
0 -0.056 -0.055 -0.055 0.052 0.054 0.053 0.004 $.00 0.005
1 0.339 0.366 0.382 0.477 0.505 0.509 0.396 0.486 .43%0
2 0.694 0.720 0.776 0.841 0.874 0.907 0.757 0.814 .8510
3 1.041 1.077 1.172 1.210 1.300 1.304 1.110 1.330 .2581
4 1.408 1.443 1.570 1.545 1.627 1.698 1.446 1.600 .6491
5 1.759 1.821 1.945 1.936 2.040 2.089 1.809 1.951 .0592
7 2.483 2.538 2.703 2.645 2.831] 2.85% 2.505 2.697 .78
9 3.143 3.269 3.432 3.309 3.463 3.561 3.175 3.363 .6973
12 4.156 4.263 4.470 4.263 4.4217 4.568 4.206 4.407 4.582
15 5.080 5.230 5.442 5.119 5.352 5.448 5.114 5.364 5.529
20 6.418 6.665 6.834 6.385 6.547 6.701 6.372 6.669 6.887
25 7.599 7.779 8.038 7.387 7.639 7.748 7.432 7.801 7.925
30 8.648 8.775 9.035 8.246 8.487 8.612 8.384 8.694 8.790

El

Intermediate sample OSLIM no. 2; range 30 gr/l

30 T

26 1

[e¢]
I
T

o
I
T

N
I
T

28 |

CGancentratign [g4]
N
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Q=23cm3ls |y= 0.1293x% + 2.2723x + 0.382

Q=4.6cm3/s |y - 013545 + 2.1252x + 0.4323

Q=7cm3/s

=0.1377 + 1.9849x + 0.3869




E2

Concentration [gr/l]

E3

Concentration [gr/l]

Intermediate sample OSLIM no. 8; range 30 gr/l

—Q=23cm3ls
—Q=4.6cm3ls
—Q=7cm3ls

1941 + 1.9433x + 0.2434
1946x” + 1.7929x + 0.2476
[1965x" + 1,6944x + 0.2941

Output Voltage [V]

Intermediate sample OSLIM no. 4; range 30 gr/l

—Q=23cm3/s
—Q=4.6cm3/s
—Q=7cm3/s

11642 + 2.1084x + 0.3531
16135 + 1.9519x + 0.2704
1848x" + 1.6633x + 0.4487

Output Voltage [V]
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Calibration of Odlims

Date: 30/072007

Range of concentration: 0-30 g/L
Composition no. Muddy sample

Turbine speed = 250 rpm  Clay/Silt ratio = 1.1286

Condition: the pump is connected with the Oslimath® pumpheads. Each Oslim is calibrated
for the specified concentraion, with a correspoggiump discharge
Oslim configurations: Pump#1
switch/ Oslim no. 2 8 4 Voltage Discharge fish
1 500 500 500 155 2.3
2 2 3 3 33 4.6
3 initally set initally set initally set 8 7
4 10 10 10
Concentration Oslim no.|2 Oslim no. § Oslim no. 4
[unit] 2.3cnils| 46¢cnils | 7enils | 23cmis | 4.6cms | 7enils | 23cmis | 46cnis | 7 cenils
0 0.002 0.002 0.001 0.002 0.002 0.002 0.005 0.005 .0050
1 0.375 0.406 0.417 0.419 0.438 0.441 0.388 0.397 .4210
2 0.727 0.786 0.794 0.794 0.823 0.851 0.739 0.755 .81%0
3 1.088 1.160 1.181 1.163 1.243 1.26 1.092 1.130 .2301
4 1.460 1.540 1.578 1.549 1.635 1.67 1.466 1507 .5981
5 1.827 1.976 2.003 1.966 2.067 2.102 1.864 1.909 .0062
7 2.540 2.800 2.752 2.644 2.799 2.85% 2.587 2.659 .8072
9 3.258 3.510 3.539 3.371 3.543 3.62 3.239 3.360 .5373
12 4.247 4.535 4.550 4.334 4.498 4.638 4.203 4.369 4.576
15 5.176 5.481 5.548 5.207 5.434 5.538 5.084 5.2f1 5.575
20 6.100 6.890 6.934 6.224 6.716 6.828 6.141 6.609 6.924
25 7.639 8.068 8.112 7.443 7.717 7.847 7.496 7.712 7.965
30 8.672 9.002 9.075 8.344 8.58(Q 8.716 8.384 8.584 8.877
F1
Muddy sample OSLIM no. 2; range 30 gr/l
30 -
28 +
26 +
24 +
— 22 +
520 ¢
=18+
£16
=14+
12 ¢
= 10 £ T Q=23cm3ls 01991 + 2.3067x + 0.1987
8 8 ; —Q=46cm3fs 0.1489><ZZ+ 1.8845x + 0.4152
E —Q=7cm3fs [0.1451X +1.8871x + 0.3958
61
4+
24
0 L B N a
0 1 2 3 4 5 6 7 8 9 10

Output Voltage [V]

90




F2

F3

Concentration [gr/I]

Concentration [gr/l]

Muddy sample OSLIM no. 8; range 30 gr/l

——Q=23cm3ls
———Q=4.6cm3/s
—Q=7cm3ls

11931 + 1.914x + 0.32
11985 + 1.6778x + 0.4328
.1968x" + 1.6056x + 0.4614

Output Voltage [V]

Muddy sample OSLIM no. 4; range 30 gr/l

Q=23cm3ls
Q=4.6cm3/s

Q=7cm3/s

1161 + 2.1578x + 0.2679
11683X + 1.9299x + 0.4225
17095 + 1.7393 + 0.4627

Output Voltage [V]
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