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Summary

In the mass balance of a riverbed, some termssarally assumed constant for reasons of simpliGiye of the
terms assumed to be constant is the change indabthger, which is defined as the sediment trarnigfivided
by the particle velocity. To study the effect ofstlassumption, a numerical morphodynamic modeltbase
computed. For such a morphodynamic model to waniesinput parameters and models have to be detedmin
The most important input models are those of theglipted sediment transport and particle velocitlyictv are
studied in this research.

The Dutch upper Rhine is used as basis for thidystwith particle diameters and sediment compasitias
found in earlier studies. The sediment transpota dd three measurement campaigns is used to centpar
predicted sediment transport by sediment trangpodels. Before comparison between the sedimenspah
models and the measured data, a small literatudy $6 used to determine which sediment transpadeis
might be applicable for predicting the sedimennggort. With the available specifications of thelisent
transport models, two fractional transport modeésernchosen as applicable: the model of Wu et @D and
the model of Wilcock & Crowe (2003). Both originalodels approximate the measured data quite weloso
calibration of the models is required. The modeWai however, shows some unusual behavior for isinga
sand/gravel ratios and is more sensitive for chaimyés calibration parameter. Therefore, the nhod&Vilcock

& Crowe is chosen as most applicable for this pathe Rhine River.

To determine the propagation velocity of the p#tic two models of Van Rijn (1984) and one model of
Engelund-Fredsoe (1976) were used. One of the \famiddels predicted unrealistic particle velodtibut the
remaining two models approximate the particle vieyoio a very similar way, approaching measuremerasn
Francis (1973) and Luque (1974). Due to the sinti@navior of both models, no choice was made betwee
them. Eventually, the thickness of the bedload rlaige determined, providing a realistic input for 1
sand/gravel morphodynamic model.
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Preface

To achieve an undergraduate degree in Civil engimge an individual thesis has to be written. After
consideration of several possible topics, the exsrdubject was found via the blackboard commuaftyhe
section environmental fluid mechanics. Under suigérm of dr.ir. Astrid Blom, Lodewijk de Vet andattended
this research, both with a different part of tht@assignment. Eight weeks later, with an enorriyonsreased
knowledge about sediment and especially the piiedicif its transport, this report is presented.dgniading!

Jelle van der Zwaag
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1. General introduction

1.1 Introduction
The sediment transport in rivers is of great imaoce for various river functions, but accurate mtashs of the
occurring sediment load are difficult, which leadsnaccurate approximations. These inaccuracieslez to
extra costs for additional measures such as drgdgibottom protection; accurate predictions aezdfore very
valuable.
For a consideration of the processes at the bottormoreover the change in bed levels, it is usefidet up a
equation. Because this equation concerns sedinggmadation and degradation, a mass balance isussfyl:
with the (known) porosity the change of mass carrdweritten into the change of bed level. Figureslai
principal sketch of the present layers and fluxdse eventual mass balance consists of differemiggeach
describing a flux or change in layer thicknessc8iit is a balance, changing one parameter regultsnatically
into the change of other parameters. The resaltdgnamic equation that is quite difficult to sejhthat is one
of the main reasons why in common literature migdtigrms of the mass balance are neglected, making
equation easier to solve at the cost of an inangasncertainty. The derivation of the mass balagpeation
corresponding to Figure 1 is presented in Appei@libEventually, this leads to a single differengaluation,
presented in Equation 1.

q(x) q(x+dx)
— Bedload layer a —Pp
“b
E Active layer S
mg -
E
Ig
og Substrate 1
_ I
| |
X dx X+dx
Figure 1: Definition sketch of the mass balanca df/erbed, not to scale.
oFg _ 1 (_0ag 08 (p (224 20)
at_cb6< 6t+cb6t(FIg F9)+F’9 ot T ox @
{1} {2} 3 4y {5 {6} {7}
In which:
Fq = Volume fraction gravel [
t = Time [s]
Co = Sediment concentration in the riverbed (=1-paysi [-]
o) = Thickness of the active layer [m]
X = Position in downstream direction [m]
o] = Fractional sediment transport i=s for sand offemggravel [MsY]
a = Thickness of the bedload layer &+aa, [m]
Fig = Volume fraction gravel at the interface, depegdn local aggradation [m]

(becomes k) or degradation (becomesgF
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Term {3}, {5} and {6} are usually neglected; of wti term {3} and {6}, both describing the changetbé
bedload layer, are usually neglected for reasorsnoplicity, or by assuming that the sediment vaduim this
layer is of negligible importance in comparisonth® sediment volume in the bed (Armanini, 1988)isTh
assumption has never been properly studied aneé ¢ig term influences the mass balance, the negidmth
terms will affect the predicted morphological chasgCreating a model with or without this term dtalarify

if we may neglect this term.

1.2 Research objective
Since the total research is quite big for a singtelergraduate thesis, the research is divided o garts:
Lodewijk de Vet will focus on the composition ofraumerical) model to study the influence of neglegterm
{3}, {5} and {6} in Equation 1, while the main puigse of this study is to determine the thickneshefbedload
layer, a.
The thickness of the bedload layer for a sand/dgrsadiment mixture is defined as the sum of thetfoaal bed-
load transport layers {@and g), or as the sum of the fractional sediment trartsfog and @) divided by the
propagation velocity of the transported sedimegaqd y), visualised in Equation 2. According to the diifom
of the bedload layer, it does not contain any pores

— —d9 9
a—ag+as—ug+us (2)
To define the value of a in Equation 2, the fratdilbsediment transport and the particle velocityehto be
determined. The determination of a model for thivee parameters is the main objective of this redeafhe
results of this research can then be used by Lgkl@wiinput parameters for his model.

1.3 Research questions
Because the research is divided in different subjetifferent research questions are formulated tf® overall
research the following research question is defined

“Under which conditions may the effective thicknetshe sediment transport layer in rivers be assdro be
constant in time?’

This will also be Lodewijks main research questibo.make a distinction between the different footioth
theses the following (additional) research quesguosed:

“Which sediment transport model and particle vetpenodel is best used to define the bed-load tramdayer
for the Dutch upper Rhine?”

This will be the main research question of thistb@nd is further divided in two sub research tjoes:
- Which sediment transport model is best used fagrdehation of the fractional transport in the Dutch
upper Rhine?
- How does the particle velocity behave for differdistharges?

1.4 Research methodology

Since so many models have been developed in thecpatury, a small literature study over the avdda
sediment transport models will be presented, irchviai first selection of applicable models will bade. After
this first selection the remaining sediment tramspaodels will be evaluated at their applicabiligyentually
choosing one model as the most reliable and/orratedor application in a morphodynamic model @& Butch

upper Rhine. For the next research question, maxfeise particle velocity will be studied. This easch will

eventually lead to the choice of a particle bedlealbcity model. With both research questions amsdiethe
required information for the thickness of the bedidayer is determined
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2. Calculation of fractional sediment transport foe thutch upper Rhine

2.1 Introduction

Sediment transport has been and still is the nwind of many studies. In this chapter an approxonatf the
fractional sediment transport of the Dutch uppeinBhwill be presented. First, a small literatunedstis shown,
where after the actual determination of the fratidransport will be done.

2.2 Literature study with respect to sediment transport rates

2.2.1 Introduction
The literature about sediment transport is extenaivd diverse. Most transport models are baseteobast fit
to an available dataset. Each sediment transpodehuas its own applications and conditions. Onehef
pioneers was Shields, who did valuable experimesrgarding the initiation of sediment motion. Latar, the
applications of the model were extended to multigiain diameters, and other models were added.er Aft
Shields, Meyer-Peter-Muller (1948), Einstein (19390gelund Hansen (1967), Van Rijn (1984), Parké©0)
and Wilcock & Crowe (2003) initiated the most wiallown transport formulas nowadays.

2.2.2 Distinction between sediment transport models
Morphological calculations with fractional sedimeare difficult and uncertain (Kroekenstoel, 20040t there
are a lot of models that try to approximate theuodng sediment transport. Within the sediment paont
models two main distinctions can be made: betwegfionm sediment and mixtures, and (mainly for tifarm
sediment) between total sediment load and bed speswled load. This distinction, with some well know
models at each category is visualised in Figuré@e that most of the listed models have been wede
(several times) and adjusted creating severalamssif the same model.

£ Y

Sediment transport models

- Initiation of motion: Schoklitsch (1914) & Shields (1936)

. _ '‘Mixtures'
Uniform sediment
L L (multiple fractions) J
e Yo , D
Total transport Bed load transport Bed load transport

- Engelund Hansen (1967) -Mever-Peter Muller (1948) - Ashida & Michiue (1972)

- General approximation (power -Einstein (1550) - Parker (1990)

formula) - Ashida & Michiue (1972) ~Wu et al. (2000}

- Van Rijn (1984) (total formula) - Fernandez Luque & Van Beek (1976) -Wilcock and Crowe (2003)

- Ribberink (1998)

\_ Y, k—Van Rijn (1984) (bed load part) y )

Figure 2: Several sediment transport models, saotedtegoryThe research of Shields in used for almost €
model, and is therefore sited at the top.

As mentioned in the introduction, most models hagen calibrated with available data. This impliest there
might be restrictions on the use of each of the eteaxtrapolation beyond the used calibration dadg result
in inaccurate predictions. The boundaries of treddatasets of several models are displayed ireTbdith on
the lower line the estimated data of the researeh. aVhen multiple datasets are used, only the rugpmet lower
value of all datasets together is showed.

This research is oriented at non-uniform bed |logadgport: the sediment is schematized as a twadidread
mixture existing of sand and gravel, with sedimemtperties as shown in the lower line of Table &mBined
with Figure 1 and Table 1 some cautious distinstioan be made: due to the none-uniform sedimentpbthe
mixed sediment bedload transport models has tgppkea. The model of Parker is based on particlamdters
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which are much larger than used in this reseancth,véll therefore not be used. The hiding/expoduretion

for Meyer-Peter Miiller that Ashida & Michiue addied1976 works good for Shields parameter valuesr@abo
0.15, but for lower values it is not very accur@fan der Scheer, 2001). As a result, the fractidneyer-Peter
Muller model will not be considered.

The models of Wu et al. and Wilcock & Crowe arehbbaised on a wide range of datasets. The datasets o
Wilcock & Crowe are coarser than the sediment f $kudy, so the accuracy of the model might beffitsent.

The model of Wu however, is based on datasetsctirapletely covers the range of particle diametgrading

and Shields-parameters that are used in this @seamnd might therefore be well applicable.

Meyer-Peter-Miller (MPM) 0.4 -29 Ripplefactor*Shieldsparameter

(1948) <0.2

Einstein~ (1950) 0.061 -2

Engelund Hansen (1967) 0.19 -0.93 0.07 -6 Total transport; use for particles >
0.15 mm

Ashida and Michue (1972) >0.15 MPM improvement

Fernandez Luque en van 09 -33

Beek™ (1976)

Van Rijn (1984) 02 -2

Parker (1990) 18 -28 2.79-9.19 0.06 -0.16

Ribberink (1998) 0.19 -3.8 0.03 -7.7

Wu et al. (2000) 0.2 -50.2 1.28 -9.91 0.01 -4.08

Wilcock and Crowe (2003) 4.53 -10.22 2.93-9.91
Particles Rhine ~0.5 -3.0 ~1.7 ~0.03 -0.35

Table 1: The known ranges of applicability of thetaets and/or experiments on which the sedimedelso
stated in Figure 2, are based. Not all datasetmassured in the same detail, creating a largetyan accuracy
of the measured values. The lower line displaysapproximation of the values of the research arde T
gradation of the Rhine has been calculated with (D84/D50*D50/D16). References: Van der Scheealgt
2002, De Vriend, 2011, Mosselman, 2012, ***Einstein, 1950, **** Luque, 187

2.2.3 Description of the models
Although the bedmaterial in this research is noifeum, quick estimations of the sediment transpzah be
made with uniform transport models. This is usdfetause most uniform transport models require itgasgt
parameters and are therefore easier to apply. éctseh of transport models is described in ApperidixThe
most commonly used uniform transport models arseahaf Meyer-Peter Miller (1948) and Engelund Hansen
(1967), which are described in Equation 3 and 4.

Meyer-Peter Miiller O =8(ub —0,)° withu = (CZ—O)g/2 andf.,. = 0.047 3)
In which

. . S
(0] = Einstein transport parameterm [
u = Ripple factor [
0 = Shields parameter [-1
0., = Critical Shields parameter [-]
c = Chezy coefficient [HisY
Coo = Chezy coefficient corresponding with the 90%tipke diameter [f?s™]
s = Specific sediment transport rate qhh
D = Mean surface diameter of the sediment mixture [m]
A = Ratio between water and sediment density,65) [-]
g = Gravitational acceleration [Rs
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c2\2/5

Engelund Hansen ® = 0.05u60%% with u = (;) 4)

The transport models of Wu and Wilcock & Crowe aitgit more complex, due to the addition of extexfions.
The model of Wilcock and Crowe (2003), visualisecEiquation 5, is a combination of two models appfiar
different values of the ratio between the bottomeststress and the hiding/exposure factor.

0.002¢7° for ¢ < 1.35 .

; — pls ithe 4 — b

Wilcock and Crow D=9 {14 (1 3 @) for ¢ > 1.35 With: ¢ o (5)
Jé
T p; \P _ 0.67 _ _ —20F,

= pPAgDsm (Dsm) b= 1+exp (1.5—Di/Dsm) Dom = 2 DiF; Trs = 0.021 40015
In which
7 = Bottom shear stress [kdsf]
Ty = Hiding/exposure function [kgte?]
Tps = Correction factor for the influence of the sanatlime fraction [
b = Power function, fitted to the data [-]
p = Water density [kgirid
Dem = Mean surface grain size [m]
D; = Mean particle diameter of fraction i [m]
F; = Volume fraction i (s, sand or g, gravel) in tative layer [-]

The transport model of Wu et al. (2000) uses anlgidixposure function based on the assumption thatesent
fractions are randomly distributed in the substrati¢h the exposure of each fraction normally dlistted; see
Figure 3 for a definition sketch. The chance ofasyre or hiding can then be calculated. The madghown in
Equation 6, and explained in detail in Appendix\Bu et al. did not mention if the volume fractionfstbe

active layer or of the substrate should be usetsinge the fractions are used in the exposurepzracle, it is
assumed that the volume fractions of the activerlahould be used.

A\ 7, z2 p.\"06

Wu: @ = 0.0053F, [(;) - 1] with 7= (ps — p)gDi0<; g = (E) (6)

In which

% = Grain shear stress, similar to the grain shieass of Meyer-Peter Miller  [-]

P, ; = Exposure probability of fraction iE?’:lF,’ % , see Figure 3 [-]
iTdj

Py = Hiding probability of fraction i :Z?’lei% , see Figure 3 [-]

iTdj
0., = Critical Shields Parameter, Wu calibrateg=0.003 [
Ty = Critical bottom shear stress of fraction i kgihi's?
——>» Flow
v Figure 3: Definition of the hiding/exposure functiof

the sediment transport model of Wu et al. (2000e T

Exposure height S : s
_ exposure height is depending on the surroundinticpear

diameters.
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Each transport model needs a prediction of thehmoess of the riverbed. The roughness height isrpoitant
parameter, since it partly determines the flow eityo the drag force acting on the sediment andrhiation of
motion of sediment particles. A commonly used foigtfactor is the Chezy value, described in EqumiidVan
Rijn, 1990). The Chezy friction coefficient is intalia implemented in the ripplefactors of the sport models
of Meyer-Peter Miller and Engelund Hansen. The @hezefficient can be rewritten in a dimensionless
frictions factor g, as shown in Equation 8.

Chezy roughness: C = 18log (12&) (7

In which:

C = Chezy value (s

h = Water depth [m]

Ks = Effective bed roughness [m]

Friction factor: Crs = gL (8)
cz 8

In which:

Crs = Friction coefficient due to skin friction  [-]

fe = Darcy-Weisbach friction coefficient [

The roughness of a riverbed is normally dividetiio components, skin friction and form roughnekat t
together form the total roughness (Equation 9)his study however, only the skin friction is takato account.

Cr = Crs + Crf 9)
In which:
o = Friction coefficient []
Cif = Friction coefficient due to form drag [-]

Since no bed forms are considered, only the skittidn (cs) is present. The effective bed roughness is
expressed in the d9 (the particle diameter such that 90% of the pladids finer). Van Rijn (1990) states that k
= 3Dgp, Which is taken as default in this study. The eatdi Dy, is derived from Frings (2011) and is shown in
Table 2 and in Figure 4.

2.3 Determination of the fractional transport for the Dutch Upper Rhine

2.3.1 Introduction
To determine the thickness of the bedload layer stdiment transport rate has to be calculatedietermine
the fractional transport, a fractional transpordelowill be used. Each sediment transport modeéddp on a
lot of different input parameters and variablesfsa sediment model to work, a lot of informatisrrequired.

The Rhine has a strong variation in properties @ltre river; not only the width of the river variesso
sediment characteristics, flow velocities and theerbed are different depending on the locationr tas
research the monitored characteristics of the Dupgier Rhine are used, mainly the part betweenthairid the
Pannerdensche Kop. This part of the Rhine is welhitored, and it is therefore possible to deternsnene
variables based on measurements. The river is stimsd as a box with a constant width, uniform Hept
uniform sediment mixture and a uniform flow velgciAs stated in paragraph 2.2.3, bed forms areéakein into
account in this study.

2.3.2 Sediment characteristics:
The particle diameter of the bedmaterial in the nehdecreases in downstream direction (the so called
downstream fining). The sediments become much fiear to the German-Dutch border, creating a grsamed
transition zone (GST): the main sediment changes fa gravel-sand mixture to a sand-gravel mixture,
visualized in Figure 4 and 5. Both figures are dase the upper layer of the riverbed, but sincevgraand
decomposition also changes in depth (the deeperday a riverbed contain different ratios of samd gravel
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than the upper layers) more information is requi®cduijters (Frings, 2012) did several measurementthe
deeper (0.2-1.5 meter beneath the riverbed) saankbhdecomposition of the riverbed at the Panneschesn
Kop. From those measurements an estimate of 75%Ignad 25% sand in the subsurface can be made.

100 :
e 10 E
E : ;
5 g D90
Q| i
1 | D350
2 °
oqb— 1 i 1
680 780 880 980

Figure 4: the measured particle diameters alongittee Rhine (Frings, 2007). Near Lobith (km 860yravel-
sand transition (GST) zone is present. D50 and Bfesent the particle size in such a way that 50%,
respectively 90% of the particles are finBg and Ds are the gravel and sand median volunetidradiameter

as used in this study.

=
PANNERDENSCH KANAAL i
100% @ coarse - very coarse

2 80% sand
g 60% B moderately coarse
T 40% sand
o 20% B moderately fine

0% sand

0 10 20 30 40 50 60 70 ™ fine sand
Distance downstream (km) M nud

Figure 5: the riverbed decomposition of the upp@2@ cm of the riverbed of the Dutch Rhine (Allediam
2009). In downstream direction the gravel fracti@ereases, while the sand fraction increases.

In addition to Figure 4 and 5, information fromElosselman (Mosselman, 2012) is used to set some
parameters. The mean particle diameter accordiiptselman is 1,3 mm and according to Allesandé®%?
the mean diameter of the sand fraction is 0,9 miith @/volume fraction sand of 0,6 (Figure 5), tld@sults in a
mean gravel diameter of 2.1, under the assumfhiainthe particle diameter is normally distributétiese
values will be used later on for calculations afisgent transport and particle propagation velosidad are
visualized both in Tabel 2 and Figure 4.

Beside the parameters in Table 2, the dischargefiepth relation can be derived using the Waterbase
application of the Ministry of Infrastructure and\Eronment (www.waterbase.nl). The flow depths usetthis
research correspond with the discharges measuredyduflood event at the Rhine in January and Gatyr
1995, visualized in Figure 6. Due to the large waegod, it is assumed that the flow is uniformabidition, the
occurring hysteresis is not taken into account.
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Width B 400 m
Bottom slope ip 1.18e-4 -
Median grain size Ds 1.3e-3 m
90% grain size Dgc 3.0e-3 m
Sand diameter Ds 0.9e-3 m
Gravel diameter Dy 2.1e-3 m
Sand fraction active layer Fe 0.6 -
Gravel fraction active layer Foa 0.4 -
Sand fraction subsurface Fe: 0.25 -
Gravel fraction subsurface Fge 0.75 -
Water density P 1000 kgn?
Sediment density Pe 2650 kgn?
Kinematic viscosity v 10e-6 -
Gravitational acceleration g 9.81 mg&

Table 2: Known (measured or derived) and used petexshof this part of the Rhine.

Flood event at Lebith, from 21 Januari 1995 to 15 February 1995

Discharge [m3/s]

Q2000 1 e veeveevmeeeeeees R S S USRI TR IR TR TITIRTITIr 17

: : y : : = = =Watertlevel
P00 e SRHURIERULS FT AN L Water height above AP |16
0000 e R < I EIERRIETRR N ............................ e
00 R A PEats ............................ e N ............................ 15

TR e N NG ST =

B000 : o f : : 14%

: . : : [
000 o S R e NN D E

: : : ; z
=701 1 S f ....................... ............................. .................. SNETRPRRNS N 1 35
1 ........................... ............................ .......................... e 12
A0 1 ............................ ............................ ........... ]

: 5 5 5 1
W0 R IR PRI e PP T
2000 ' ' L i 10

Time [days]

Figure 6: The flood event of 1995 which is usedliasharge/water depth relation.

2.3.3 Sediment transport
For calibration of the sediment transport modelsasured values of the bed-load transport are ésisdfield
measurements at riverbeds, especially during fleeehts, are difficult due to high flow velocitieadalarge
water depths. This results in expensive and tinms@ming measurements, which are not done very .oftea
available data of bed-load transport during flowdres is therefore limited, but there have beenespreasuring
campaigns in the last decades, each with their methods and results. The results of the measudangpaigns
considered in this research are displayed in Figuaed are described below.

Transport rates 1966 (Kamphuis 1990):measured transport rates during a discharge b8@0 nis?,
between 1960 and 1966. The measuring methods acettaimties of the measured values are unknown, but
since the measurement have been done during lmhaliges, some reliability may be expected.

Transport rates 1988 (Kamphuis 1990)these transport rates were measured during a fl8@88 event,
with a ‘Delft Bottle’ for suspended load and therriiem type’ bed-load measuring device for bed-load
transport. The accuracy of the measurements imad at a factor 2. The Ministry of Infrastructuaed
Environment calibrated the of Engelund Hansen amegédviPeter Miller models to the measured transptes
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(Kamphuis 1990, Jesse 2001). Since these modelbaaex on the same parameters as the discharge/wate
height relation, they are useful for calibratiorthrniew models.

Transport rates 1998 (Frings 2007):the transport rates of this measuring campaignbaseed on dune
tracking measurements with echo soundings durirg fibod event of November 1998. Each day several
measurements were done, the minimum and maximurioaedtransport was noted. Frings argued that the
actual transport would be about the average ohtlemum and maximum transport rates. The uncestaint
the measuring method was estimated to be not rhare20%. For each position, 20 samples were takethe
additional error due to natural variation in tramgpates over the day is limited.

Figure 7 shows a clear trend in the transport ratesre can be several reasons for variation imspart rates.
At first, the measure errors as described abowdtressome variation. Also, the skin friction istnconstant in

place and in time, due to variation in bed surfg@en sizes.

Measured sediment transport rates

I I T T T T * ]
Bed-load 1965 1 Figure 7: Measured
*  Bed-load 1988 1 transport rates for the
+/| * Bedload 1398 hi .
T I0H % Total transport 1966 & * E R |n¢ River. An
g #  Total transport 1988 * * * %« * 1 asterix represents total
E . - - * * 1 transport, while a star
§_ * . { represents bed-load
g * ok transport
£ 0rE k3 3
: |
£
=
-]
w
i * .
L 1 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 G000 7000 8000 9000 10000

Discharge Q [m3s'1]

2.3.4 Calibration of the measured data
Before a more complex model as Wilcock & Crowe @0a&nd/or Wu et al. (2000) will be evaluated, sienpl
uniform models will be used to estimate the sedinramsport load. This is done for two reasons:

1. Some parameters as stated in Table 2 are checkbdthv parameters used by Kamphuis (1990):
Kamphuis predicted the sediment transport rate Miglyer-Peter Milller and Engelund-Hansen, but the
applied input parameters were never noted. Applyfregsame model should give an indication of the
used parameters by Kamphuis.

2. An estimation of the sediment transport is useftlew comparing non-uniform sediment transport
models: there is a limited number of measuremantking it difficult to find an exact trend in the
measurements. When Meyer-Peter Miller and Engetiartsen fit the data as used by Kamphuis, a
more or less continuous prediction of the sedintiemtsport rate is given, making it easier to corapar
other models.

The application of the model of Engelund-Hansentfar parameters as stated in Table 2, resultsannee
shown in Figure 8. The line fits the measured daid the predicted sediment transport rate by Kaisplrary
well. The same is done for the measured bedloadpat rate with the model of Meyer-Peter Muller Higure

9, the sediment transport approximation with thiginal formula and the adjusted formula by Parkearker
2004) are shown. The approximation of Parker fitesdata of Kamphuis, as his approximation with Mdyeter
Muiller, quite well, but is rather low for the dattrieved by Frings. The original formula of Meyeeter Muller
approximates the measured transport rates betterdiffers from the Meyer-Peter Muller estimated by
Kamphuis.
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It is possible to calibrate the Meyer-Peter Mutlansport formula by adjusting the value of theical Shields
parameterf,): when this value decreases, sediment will berttaally transported earlier, resulting in a highe
estimate of the sediment transport. In 2001 theisttiy of Infrastructure and Environment found atdfésfor a
value of 0.25 for the Meyer-Peter Miiller model 68s2001), but for a lower part of the Rhine (ljss€he
value that was found by Jesse is therefore notjpurated, especially because Figure 9 proves tieaotiginal
value of 0.47 gives a good approximation. In additiadjusting the critical Shields parameter onighsly
changes the approximated sediment transport (Appét)d That, and due to the fact that the origivalue of
the critical Shields parameter (0.47) is based omuah greater and more accurate dataset, makeginbahe
original value not arguable.

Engelund-Hansen with available data
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2.3.5 Fractional transport models
The transport models of Engelund-Hansen and MegégrPMiller approximate the measured data with the
parameters from Table 2 quite well; the next stefhé application of the more complex models ofcdtk &
Crowe and Wu et al. Both models are meant for lbad-transport, and will therefore be compared whin
measured bed-load transport and the Meyer-PetdeMdpproximation.

Wu, Wang and Jia (2000)

The model of Wu et al. uses, just like Meyer-Pét&illler, the critical Shields parameter to determimieen
sediment is initiated. Where the effects of chagdime critical Shields parameter in the Meyer-Patéitler
model were very small (see Appendix E), changirgydtitical Shields value in the Wu model has aldniger
consequences, as shown in Figure 3till, the effect of changing the critical Shielparameter is smaller than
the estimated error in the measured data, so nogelsawill be made to the original value.
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Wilcock and Crowe (2003)

The model of Wilcock & Crowe is based on datask#t are coarser than the Rhine bed material, &sdsta
Table 2. The model will therefore be extrapolatedards smaller particles, which may lead to inaatur
results. In Figure 11, the total transport predidiy Wilcock & Crowe is visualized, together withet Meyer-
Peter Muller curve and the Wu model. The model$vaf and Wilcock & Crowe predict practically the same
sediment transport rate for discharges up to 60&0.ror discharges over 6000°sh, the estimates of the Wu
model surpass that of Wilcock & Crowe and MeyereP#tiiller.

MPM, Wu and WEC tranport rates in comparison with available data
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Wilcock & Crowe used the constant 0.894 in theirdeloto calibrate the model (Wilcock & Crowe, 2003),
calibration with this constant is therefore possidHowever, Figure 11 provides no reasons to quegtie
correctness of this constant, since the curve déak & Crowe fits the data points very well ane thriginal
value is based on over 500 measurements (Wilco€kdve, 2003). In addition, the sensitivity of thedal for
this constant is very limited (see Appendix E faraph), making it futile to change the constant.

2.3.6 Fractional transport

The models of Wu and Wilcock & Crowe are both bead models for fractional transport. It is therefor
possible to make a distinction between sand aneegteansport. In Figure 12, the distinction betweand and
gravel has been made for both models, with a seankgratio of respectively 60 and 40%. Both mededhave
in a similar way: sand-transport rates surpassgtia@el-transport and for both models the ratio fgnagel
transport stabilizes for high discharges. Someerifices can also be noted: the model of Wu foarncst
predicts a higher percentage sand to be transpavteidh directly follows from the fact that gravednsport is
initiated later in the Wu model than in the modeWélcock & Crowe.

15 I Undergraduate (Bachelor) thesis Jelle van der Zwaag, June 2012



Wu and WEC fractional tranport rates Wu and WBC percentage sand transport of total tranport rates

T T T T T T 1DD | | T | T I
16000 Tatal tranzsport Wu b : : : : : :
— ——3Sand transpart Wu
Total transport WEC 1 ol SR 7
14000 H — ——Sand transport WaC i : : . : :
12000 - B
85 B
t
- =
b = A :
& g : : : : 5 :
<2 10000 - B g A0 N
£ =
= k] : : : : :
g = : ; : : : :
g aoml | =z FEE ot BN
Izl =
= ]
= - : : : : ; :
g g TOF o R ]
= L - =
E 6000 g
-1}
o 85, |
4000 - B : : : : : :
20m | g : 5 : : : :
: : : : YWy
: : WEC
1 1 1 1 1 a0 I 1 i 1 I I
i 2000 4000 G000 8000 10000 12000 i 2000 4000 G000 8000 10000 12000
Discharge Q [mgs"'] Discharge Q [mgs"']

Figure 12: The distinction between sand and graeeekport for both the model of Wu et al. and trozlel of
Wilcock & Crowe (W&C). In the figure to the rightté percentage sand-transport of the total transport
visualized for an increasing discharge.

Wu and W&C for different sandigravel ratios at Q=9600 m’s™
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Figure 13 The behavior of the sediment transport model aof &dd that of Wilcock & Crowe (W&C) for differe
sand/gravel ratios (expressed i), For the discharge of 9600°s1. The model of Wu shows a parabolic respc
while the model of Wilcock & Crowe shows a moresm trend.
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As stated, Figure 12 is based on a sand/gravel 0d60/40 %. Figure 13 shows the behaviour of ltleéhmodel
of Wu et al. and Wilcock & Crowe for different rasi of sand/gravel for a constant discharge of 96U6. The
model of Wilcock & Crowe behaves as you would expeben the main particles become finer: the total
transport increases, since finer particles (in taise sand) are more easily picked up. The mod@lilcbck &
Crowe is calibrated on different sand/gravel ratidsch results in a correction for the predicteahsport rate
for very coarse mixtures (<25% sand). In Figuretii8 is seen as a steep increase of transporivmzde the
sand fraction of a coarse mixture increases siightl

The model of Wu et al. however has a transport peak the 60/40 ratio, the total transport decre&sefiner
and for coarser mixtures. For smaller discharbestdtal transport decreases, but the behaviothieofnodels
stays the same: the transport rates by Wilcock &wérincreases more or less linearly, while the rhoti&vu
predicts a parabolic transport, see Appendix Eafgraph with different discharges.

The explanation of the parabolic curve of Wu lieshe hiding/exposure function of the model. Thpasure of
a particle depends on the surrounding particldarge particle between small particles will expecie larger
forces due to the bigger surface exposed to therwdthen all particles are equally in diameter,@kposure of
a single particle will be minimised, predicting Idvansport rates, visualised in Figure 14. In FéegliB this is
explained with the curve of the sand transport af 8/ al: when gravel is added to a sand bed tla¢ trainsport
will increase, whereas the model of Wilcock & Crpredicts a redistribution of the transported fraasi

%}qmsme %
1

. 3

Figure 14: Situations that occur with a two franibsediment mixture. When only gravel or sandrésent
(situation 1 respectively 3) the exposure heiglitlva minimal, as will be the sediment transpotieTgravel
added to a sand bed (situation 3) will be exposidation 2), which results in a higher total tiamg. When a
lot of gravel is present, the sand will hide rasgltin a decreasing transport. This processestriestile
parabolic curve as seen in figure 13.

Since it is still harder for gravel particles t@rstmoving, the predicted sediment transport adngréb the
model of Wu et al. with only gravel is still low#ran in the situation with only sand, so the peakgport is not
sited exactly at the middle.

3.7 Choice of transport model
Both the model of Wu as the model of Wilcock & Ceware capable of a good approach of the measured
transport rates, and both models give quite sindistinctions between the sand-gravel transporé fHat that
the model of Wilcock & Crowe is extrapolated doeg seem to be a problem, and is therefore no pafint
reconsideration. The choice for one of the modelhérefore based on the sensitivity for severgtighas: The
model of Wu is highly sensitive for the value oétbritical Shields parameter, and therefore quiteeliable: a
small change has large consequences. Also, thelrabdéu has a rather unusual behavior with respedhe
surface sand/gravel ratio: instead of increasiaggport for finer mixtures, the transport decredisms higher
sand fractions than 0.6 .The model of Wilcock & Weois calibrated for different sand/gravel ratiadich
makes it over all the best transport model for itigation.

3.8 Discussion

The results of this research question are detedriuée theoretically, based on a simplified siiat the river

is schematized as a rectangle, with a uniform deptidth and sediment mixture. The most important
simplifications are the assumption that the riveriseflat, so no bed forms are present and thafldiwevelocity

is equal over the width. In reality the sedimeansport and flow velocities vary over the widthpeeding on
the present bed forms and roughness. The assunpiidrthe bed forms are absent therefore influetices
roughness of the riverbed and therefore on theigestisediment transport. The skin friction is egsed in the
particle diameter, so the uncertainty in partigemkters and bed composition is important. Foraimst: When
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comparing the gravel diameter with other resear¢Begijters, 2001; Frings, 2004) the value of 2.t s fairly
small; diameters of 5-7 mm are more common. Thsld/ result in a bigger skin friction and thus loviiew
velocities and transport rates.

At the beginning of this research, a selection haen made of several models, based on their rahge o
applicability. Eventually only two sediment transpmodels remained, which were studied in moreildétae
applicability of the other models is therefore sttdied.

The comparison of the models is done with the loéla limited amount of quite uncertain data. Thasults in
the fact that the uncertainty of the calibratiomnp®is bigger than the uncertainty due to a catibn parameter
(for example the critical Shields parameter). Theice for one of the transport models is thus draged on the
assumption that the available measure points ameatp since the models are compared with that. detiés
might imply that when the real transport ratestaiiee as high, another model might be better.

A last point of interest is the research of Van 8eheer et al. (2001). He studied several transpodels for
several input parameters, in a far more extend#thgehan this report. The conclusions of his agsh stated
that the model of Wu was better in predicting tbdisent transport than the model of Wilcock & Crowhich
differs from the result of this report. Since diffat situations where handled, difference may qcbut the
contradiction between the reports is quite odd.
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3. Particle velocity

3.1 Introduction

Besides the sediment transport rate, the velodithe transported sediment is crucial for the daiteation of
the bedload layer. The sediment transport modeilsarprevious chapter calculate the bed-load t@msghich
implies that the sediment is (constantly) in contaith the riverbed. Van Rijn (1990) states thaitisles move
due to ‘jumps’: local turbulence or shear stressesite a momentum making the particle lift of theenbed,
visualized in Figure 15. During the jump the grati@nal forces dominate the resulting forces onghsicle,
observations substantiate that it is therefore ajlbe for the particle to jump higher than 10 tsntlee particle
diameter. When the particle falls back on the rived it loses, depending on its size, a lot of munoma, but
possibly initiates other jumps. Particles don't jugontinuously, but are sometimes sheltered betveégmer
particles or depressions in the riverbed.

Figure 15: Definition sketch of jumping’ particldy Van Rijn (1990). A particle starts a jump daodhe initial
accelerations izand %, caused by turbulence of collapsing particles.imuthe jump the particles experience
resistance due to the difference in velocity with tvater (V) and gravitational forces g When the lift force
(FL) and the drag force {r get smaller, the particle will descend. The distatraveled by jumping divided by
the total jump time results in the particle velgci higher jump heightd) normally results in a larger jump
and therefore in a higher particle velocity.

3.2 Velocities
The actual particle velocity is calculated by dinigl the distance that a particle traveled (by jumgpiover the
time it took the particle to cover the traveledtaiice. The determination of jump heights and destarby
individual particles is difficult, especially withigher flow velocities. Most observations are tli@me done in
flumes with a bed of glued particles and only a fle@se’ particles (Francis, 1973). By observing thehavior
of those particles an approximation can be madkeoparticle jump heights, distances and velocities
Van Rijn (1990) made an approximation on the messyvarticle velocities by John Francis (1973) and
Fernandez Luque (1976), resulting in Equation h@ (heasured particle velocity data is shown in f&dLi).
Engelund and Fredsoe (1976) defined a similar mtatetheir own data, which resulted in Equation Man
Rijn also proposed a simpler model, but with a bigiaccuracy for higher flow velocities, visualizén
Equation 12.

Up = Uy gy (9 +2.6log(D,) — 8 ("7)05) D.=D (%)1/3 (10)
In which:
u, = Particle velocity m§
u,.. = Critical shear velocity [rr$
D, = Dimensionless particle diameter [
v = Kinematic viscosity [-]
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Uy = Uy or (10 -7 (%)0'5) (11)

o , 2
w, = L5(8g) T8 with T =222t 7 = () gy (12)
cr 90
In which
T, = Critical bottom shear stress [kgst or Pa]
T = Dimensionless shear stress parameter [-]
T = Bottom shear stress [kgfs? or Pa]

Equations 10, 11 and 12 are visualized in Figuréot @istinction between the methods and in Fidlifdor the
approximations of particle velocities for respeelyvsand and gravel. Figure 16 shows a similar Wiehaf the
model of Van Rijn (Equation 10) and the model ofjelnund-Fredsoe (Equation 11). Both the model of Rgn
as the model of Engelund-Fredsoe predict an asyioppproach of the particle velocity. Another goaf
interest is the start of motion: from Figure 1%dn be derived that both the Van Rijn model asntioelel of
Engelund-Fredsoe predict earlier (at a lower fle@logity) movement by sand particle than the grapesticles.
This corresponds to our expectations: larger gagicequire a higher drag force (and thus a hidtow
velocity) before movement is initiated. Both modétdlow the same data (Figure 17) and have a simila
structure, the only main difference between bothdemis the addition of the dimensionless partiiEmeter
(D) term in the model of Van Rijn.

The general approach proposed by Van Rijn (Equéti®nis based on the occurring shear stresses ama h
different structure, resulting in a curve that eiff from the Van Rijn and Engelund-Fredsoe moddis leads
to a different curve than that of Equation 10 afhdds seen in Figure 16.

Approach of particle {sand) velocities
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Figure 16: Approach of particle velocities for samdl gravel with Van Rijn, a general approach angefindFredsoe
Van Rijn and Engelund-Fredsoe predict quite sinplaticle velocities, but thé'2approach of Van Rijn has a
completely different curve. The dotted line représevater velocity = particle velocity
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Approach of sand and gravel velocities by van Rijn Approach of sand and gravel velocities with Yan Rijn 2nd appreach
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Figure 17: Particle velocities by Van Rijn, the Zagproach of Van Rijn, Engelund-Fredsoe and a gvaghthe
dimensionless particle velocity. Where Van Rijn &rjelund —Fredsoe predict quite similar behavidhe
particles, the general approach is rather differf®imice Van Rijn added a term depending on the smaless
particle diameter (D, the dimensionless particle velocity differs beém sand and gravel, whereas it is the same
by the model of Engelund-Fredsoe. Both models aagiréhe measured data (withybetween 0.9 and 1.8 mm)
with the same accurar

The observed curves in Figure 16 and 17 can beiggul with a closer look at the models. The modgElgan
Rijn and Engelund-Fredsoe both contain a relatetwben the critical and normal Shields parameigrgnd
0). The ratio between the critical Shields paramatet the normal Shields parameter decreases, astibal
Shields parameter stays constant (depending opeittiele characteristics), while the normal Shigldsameter
increases with increasing flow velocity. In combioa with the square root this results in an asytiptcurve.
Wong (2006) observed a similar behavior of theiplarivelocity, stating that the increase of theiseoht
transport rate is a consequence of an increasartdfiorted material, and not an increase of theggation of
the sediment. A physical explanation could be liiglher flow velocities create a larger down foroe éarger
shelter spaces for smaller particles. Particlekjwihp further, but less often and small particdas hide more
easily.

In the general approach, based on the shear sreleecritical shear stress, ) is constant and the grain shear
stress(t, ) increases with a higher flow velocity, resultimyan increasing value for the shear stress paramete
T, and therefore for an increasing particle velocitan Rijn stated that this approximation was maate, and

as seen in Figure 17: the model makes no differémce point of initiation of sand or gravel, whids
unrealistic. The general approach will thereforeb®taken into account any further.

When rewriting the models of Van Rijn and Engellfrddsoe to a dimensionless particle velocéﬂly/um)

versus the mobility paramete(rﬁcr/g) more can be said about the behavior of the modeldifferent particles,

visualized in the graph on the right bottom of Fegd7. When the mobility parameter approaches three,
particle velocities are supposed to reach zeroptheent value of the Shields parameter is thedlemthan the
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critical Shields parameter, making it theoreticaihpossible for the particle to start moving. Thedal of Van
Rijn results in different curves for sand and gtadiee to the addition of the dimensionless partdieemeter
term. The model of Engelund-Fredsoe does not hasle a term, which results in the same curve fod sam
gravel, but since the gravel is initiated later theve will start at larger values of the mobiltgrameter.

Figure 16 and 17 show that gravel particles reabigher particle velocity than sand particles faghier flow

velocities. This is different from what we mightpect, since gravel particles are heavier and thezdfarder to
transport. For low flow velocities this is true,datherefore a sand particle reaches higher vedscit the
beginning. For larger flow velocities the shearess and therefore the shear velocity increasedafger

particles, resulting in a higher particle velocifnother explanation would be that heavier parsidlave more
momentum, so when they start moving they are l&sfylto come to a standstill. This, in combinatiwith the

fact that for larger particles it is harder todfishelter (so more ‘jumps’ in the same time) letms higher
eventual velocity of the gravel particels.

The evaluation of the particle velocity models dat lead to clear arguments for the model of Vgn Bihd the
model of Engelund-Fredsoe. Van Rijn stated thatnimiglel overpredicts the particle velocity for higlilew
velocities, which is the case during a flood ev@uth models predict the same order of particl®sies and
there is no clear data about the correctness &f imoidels. No selection between the models will laelenand
both models will be used to derive the thicknesthefbedload layer.

3.3 The bedload layer
From the general introduction it followed that theckness of the bedload layer is defined as (Egndt3):

a=y%_1 499 (13)

U uUs  ug

Both the fractional transport{gnd @) as the particle velocities{and ) are determined, making it possible to
calculate the thickness of the bedload layer. Téwult is presented in Figure 18. The sediment pi@ms
increases with the discharge, while the partickeaity stays practically the same; the thicknesshefbedload
layer will therefore increase with a higher disg®ar

Thickness of the bedload layer with W&C & Yan Rijn in and W&C & Engelund-Fredsoe
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Figure 18: The thickness of the bedload layerrioreasing discharge, with the sediment transpodetnof
Wilcock & Crowe (W&C) and the particle velocity meld of Van Rijn and Engelund-Fredsoe. Since theahod
of Van Rijn predicts a bit higher particle veloegj the thickness of the bedload layer is a liildess.
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3.4 Discussion
The estimated particle velocity cannot be testechtibrated with measured data from the Rhines therefore
just an estimate, based on observations by otBearehers with mainly flume experiments. In additithe
computed particle velocities are based on singlgéghes. Influences due to the sediment conceminadind
gradation of the transported sediment are not takkeraccount, making the absolute value of theigiar
velocity uncertain. In the used literature, it vmagy stated for which ranges the particle velocibdeis may be
used. Van Rijn (1990) stated that the his modadipte values between 3-i,, which in this research results in
values between 0.2 and 0.9"mbut Van Rijn did not state that the model presigtong velocities outside these
ranges. For proper application, further researalatds the used models is required.
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4. Conclusion and Recommendation

4.1 Conclusion

The Rhine River has large variations in sedimemypasition and gradation. In addition, the roughnafsthe
riverbed varies in place and time, but with somiagptions a schematization of the river can be métin the
help of this schematization, (fractional) sedimémnsport calculations can be preformed. Each smuim
transport model has his own specifications andaget on different datasets, so not all models sable for a
1D sand-gravel morphodynamic computation. Since tésearch includes multiple fractions and spegifan
sizes, only the fractional bed-load transport medéMWu et al. (2000) and Wilcock & Crowe (2003)revéound
useful. Of these two models, the best sedimensp@m model used for the sand-gravel computati@n hebith
is that of Wilcock & Crowe. Despite the fact thaist model was based on coarser data than the Rigide
material, it proved to be the most reliable: thedelodoes not need any modifications and has adinit
sensitivity for its calibration parameters. In aadh, its behavior for different sand-gravel ratiesas expected,
disproving any doubts about its applications.

The velocity of the sand/gravel particles can bgreximated with two models: that of Van Rijn (19%0)d the
model of Engelund-Fredsoe (1976). Both models tesulsimilar approximations of the particle velggit
although the velocities predicted by the model ah\Rijn are a bit higher. Both the model of VannRis the
model of Engelund-Fredsoe behave in a very similay: the particle velocity curve shows an asymptoti
approach, resulting in a constant value even witinareasing flow velocity. Due to the similaritgtiveen the
model of Van Rijn and Engelund-Fredsoe, it is ingilole to make a well reasoned choice between thdma.
use of either Van Rijn of Engelund-Fredsoe is tftgeca preference related choice of the user, sed@n the
local conditions and measured data.

Eventually, the thickness of the bedload layer lsarderived using the fractional transport in corabon with
the fractional particle velocity. This results in lcreasing thickness of the bedload layer dugntincreasing
sediment transport and a stagnant growth of thicfeavelocity.

4.2 Recommendations for further research

As stated in previous discussions, this researataisly based on theoretical approaches with tleeofis lot of
simplifications and with a lot of uncertainties. eége simplifications and uncertainties make it gissio
improve the results in various ways. The best impneents to this research include the taking ofdfiel
measurements to reduce the uncertainties and thigosdof extra information to minimize the simpdiations.
Field measurements of the bed-load transport, giargradation and especially the particle velositigo the
used particle velocity models can be compared wétl data) would be very valuable for this research
Unfortunately, the difficulty of requiring this kihof field data makes it expensive and time conagngo other
options for improvements will be stated.

Theoretically, the best improvements can be madmaking the schematization of the river bed-loahgport
more realistic: introducing form drag due to bednfs and a width-varying sediment transport (by gisin
varying flow velocity over the width) would decreathe amount of simplifications and would therefim@ease
the value of this research. In addition, extra aede towards the sediment composition and particemeters is
important, since this influences the predicted medit transport in a major way. Extending the prafeat
research to more transport models would strengtieeventual conclusion, making it a valuable aoldlit

A last recommendation includes the behavior ofigag in sediment mixtures. What influence doesdain
sediment concentration have on the propagatiorcitglof the sediment?
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Appendix A: list of symbols

A Surface area fin
a Thickness of the bed-load transport layer ] [m
B River width [m]
Co Sediment concentration within the beg=t- €) [-]
G Friction coefficient [
Cis Friction coefficient related to the skin friction [
Cif Friction coefficient related to the form drag []
C Chezy coefficient [Pris?)
Cso  Chezy coefficient for B [n?5sY]
D Particle diameter (in this document Dsp [m]
D. Particle diameter such that -- % is finer [m]
D, Particle diameter of fraction i [m]
Dgm Mean surface grain size ¥ D;F; [m]
Dgg Surface geometric mean size [m]
D- Dimensionless particle diameter according to Vgn R [-]
fe Friction coefficient by Darcy-Weisbach [
F Volume fraction i (sand (s) of gravel (g)) [-]
Fi Volume fraction of size fraction i in the interfabetween the active layer and the []
substrate, depending on the local process of agticewdor degradation
Fini Volume fraction i in the active layer [-]
Foi Volume fraction i in the substrate [-]
u
Fr Froude number J(}_I) [
g Gravitational acceleration (=9.81) [ths
h Water depth [m]
i Bed slope [m]
Ks Effective bed roughness height [m]
Pei Exposure probability of particles of fraction i []
Phi Hiding probability of particles of fraction i []
q Volume of bed load transport per unit width [m?sY]
ol Volume of bed-load transport of fraction i pertumidth [nfs!]
Q Discharge [fs?]
s Sediment transport load BN
t Time [s]
T Dimensionless shear stress parameter [-]
u Flow velocity [mg]
Up Particle velocity MYy
Us Shear velocity [r§
Ws Particle fall velocity [mY
X Position along the x-axis [m]
3 Thickness of the active layer [m]
A Relative density 5;—‘75 [-]
€ Porosity [
n Bed surface elevation [m]
ul Elevation of the interfadeetween the active layer and the substrate [m]
(O] Einstein beload number [
0 Shields parameter [-1
Ocr Critical shields parameter [-]
Il Ripple factor used by Meyer-Peter Miller and Hmge-Hansen [
v Kinematic viscosity [-]
p Water density [kgt
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Ps Sediment density [kgth
c Sediment gradation [
Tp Bottom (bed) shear stress (ks
T Particle related bottom shear stress [ksjth
Ther Critical bottomshear stress according to Shields [Rgfih
Ti Reference shear stress according to Wilcock and/€ro [kgm's?]
Tps Correction factor for the influence of the sandi.vee fraction [
b d Flow parameter [
Y; Phi scale,£€ —log, D;) used to classify sediment [
1] Function of shear stresses and particle diameter [

27 I Undergraduate (Bachelor) thesis Jelle van der Zwaag, June 2012



Appendix B: List of Figures and Tables

Figures
Figure 1 Definition sketch of the mass balance of ariegrb.................oooiiii i 5
Figure 2 Several sediment transport models, sorted tQOBYE............ocvitiirii i e 7
Figure 3: Exposure height definition by WU ... e 9
Figure 4 The measured particle diameters along the rivendR ... 11
Figure 5 The riverbed decomposition of the upper 10-20onhe riverbed of the Dutch Rhine ............. 11
Figure 6:The flood event of 20-01 till 15-02 1995 near LODIt............ooooiiiiiiii e 12
Figure 7 All transport measure points from the three d&S...........coooi i 13
Figure 8 Approach of available data with Engelund-Hansen...............cccooviiiii i ieici e 14
Figure 9: Approach of available data with Meyer-Peter MUILET..........ccoooiiiiiiii i e, 14
Figure 1Q The sensitivity of the Wu transport model forgtdibration parameter,

the critical Shields parametdi]. .......coooiiiiii s 15
Figure 11:The models of Meyer-Peter Miller (MPM), Wilcock@owe and Wu

with the available data ... 15

Figure 12 The distinction between sand and gravel trandpottoth the model of Wu

and the model Of W& ... . e e e e 16
Figure 13 The behavior of the sediment transport model ofafid that of Wilcock

& Crowe (W&C) for different sand/gravel ratios .........coooiii i e 16
Figure 14:Situations that occur with a two fractional seditn@iXtUre ..............ccooiiiiiiiiiiiiiieiinnneeeen, 17
Figure 15 Definition sketch of ‘jumping’ particles by VanijR ... 19
Figure 16 Approach of particle velocities for sand and glawith Van Rijn, Van Rijn %

Approach and Engelund-FredS0e ..........cccooiiiiiiiiiii i i e s vmren e e e e e e e e esssnnnnsnnnnens 20
Figure 17 Particle velocities by Van Rijn, the general aggmh, Engelund-Fredsoe and

a graph with the dimensionless particle VElOCItY..........cocoviiie i e, 21
Figure 18 The thickness of the bedload layer for increasiisgharge, with the particle velocity

models of Van Rijn and ENgelund-Freds0e ............c.coiiiitmmmercee v ee e e ee e 22
Figure 19 Definition sketch of the mass balance of arieerb................ccoooiiiiiii 30
Figure 2Q Diagram to determine the valuesoofO andm 0 .......c.ccovviiiiiie i e e 33
Figure 21:Exposure height definition by Wu ... e 34
Figure 22 Sensitivity of Meyer-Peter Miller for the criticBhields parameter ...............cccooeieviiinnnn 35

Figure 23 Sensitivity of the Wilcock & Crowe sediment traoest model for its calibration parameter .... 36
Figure 24 The behavior of the Wu sediment transport modetiffferent sand/gravel ratios

With INCreasing diSCharges .......o.oi i e e 36
Figure 25 The behavior of the Wilcock & Crowe sediment sjpart model for different

sand/gravel ratios with increasing diSCharges .......ccooiiiiiiiiiiie i e 37

Tables
Table 1 The known boundaries of the datasets and/or @rpets on which the

sediment models are Dased ..........ooviiiiii i e —————— O
Table 2 Known and derived parameters of the upper patt@Rhine .............ccooiiiiiiiiiiiiicr 12

28 I Undergraduate (Bachelor) thesis Jelle van der Zwaag, June 2012



Appendix C: Mass balance derivation for a river bed

In section 1, only the eventual mass balance d@ifféal equation was shown. Here its derivatiorréspnted.

The situation that is considered is visualized iguFe 19. Figure 19 presents the substrate (witbhbe)), the
active layer (with thicknes3® and the bedload layer (with thickness a). Thertied elevation is defined as the
sum of the substrate top elevation and the thicknéshe active layer, shown in Equation 14. Figl®eas based
on two fractions: a sand volume fractionafd a gravel fraction,;FThe sum of the fractions has to be 1, shown
in Equation 15. The presence of two fractions e®#te possibility of fractional transport: theatdtansport per
unit width (g) can be split in gravel transporg)(gnd sand transportdgwhich is visualised in Equation 16. The
last definition necessary is that of the thicknefsthe bedload layer, which is defined as the s@ithefractional
sediment transport, divided by the sediment vejpeis shown in Equation 17. Please notice thatéifimition

of the bedload layer excludes pores.

m+é=n (14)
E+F= 1 (15)
s + 94 =q (16)
_ _ Yo Vs _ 99 4
a—ag+as—A+A—ug+us (17)
In which
i = Height of the substrate above reference level [m]
é = Thickness of the active layer [m]
n = Height of the riverbed above reference level m] [
a = Volume of bed-load transport of fraction i peitumidth [m’sY]
a = Thickness of the bedload layer [m]
u; = Velocity of particles in fraction i [r1$

To relate the concentration in the bed to its poypEquation 18 is introduced.

1—¢g5=0¢p (18)
In which
&g = Porosity []
Cp = Sediment concentration within the bed  [-]

The first part of the mass balance of the rivertad be described with Equations 19.

a(Fy6) an da aq
ey (T + Fig S2) + 52 = — 52 (19

The change of the bed level in combination withdhange of bedload layer in time is related onctienge of
sediment transport in place, described in Equa&tin

an da _ _ @
3 T = T ox (20)
The composition of the active layer and the bed koansport layer varies over time. When the betkgrading,
the composition of the layer underneath is indieafor the interface composition. When the bed ades, it is
the layer above. Therefore, the state of the iaterbetween the active layer and the sedimentpianksyer is
defined as described in Equation 21. Due to Eqndtl only one fraction has to be considered. Thezeonly

the gravel fraction will be seen in the next equadi
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21)
Ig 67’]1 (
Fmg f
In which
Fog = Fraction gravel in the subsurface
Fing = Fraction gravel in the active layer
Combining Equations 14, 19 and 20 and some regritsults in Equation 22:
W8) (p2+22+20) 4 20 = 2o 22
b "¢ 19 b 3¢ ax at ~ ox (22)

Applying the product rule on the first term, andaegwith some rewriting results in the final masdance
(Equation 23):

Yoo L(-M0 ey %R, -F)+Fy(24D) e

) | Bedload layer a —Pp

“b

) ¢ | l Active layer §
Fmg _ _ i : o
Flg
Fog. 4 ) Sl Substrate g '”1

|
X dx x+dx

Figure 19: Definition sketch of the mass balance of a riverbed, this figure is equal to figure 1. The final mass balance for
this situation is represented in Equation 23.
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Appendix D: Additional sediment transport models

Since not all models have been presented in thiatiire study, some additional sediment transpodets will
be provided. Note that a large part of the modws will be described can be approximated in d §itage with
s=md, in which m and n are constants varying with emddel (m~ 10*, n~3-5).

To define the sediment transport models, two dinoshsss parameters are used: the Einstein bedroatber

(Equation 24) and the flow parameter, which is édoaaa factor ripplefactor p (which takes in accbtime

bedforms) times the Shieldsparametér(Equation 25). The Shields parameter representsmensionless
number, used to estimate if a particle will be $@orted. Note that the eventual sediment transpodted as s,
so the transport rate s can be computed once tistelfi bed load number is known.

N

Einstein bed load number DO = (24)
AgDD
Tp u?
Flow parameter Y=ub=p oovan — Hagp (25)
In which
S = Sediment transport fisi"]
A = Relative density 3;—”5 [-]
D = Particle diameter [m]
u = Ripple factor [-]
0 = Shields Parameter [-]
T = Bottom shear stress [kohs]
p = Water density [kgrh
Ps = Sediment density [kgth
Us = Shear stress velocity [fis

One of the fundamental transport models was thaMefyer-Peter-Miiller (1948), a model based on
experimental data from well sorted sediment inuan# and meant for bed load transport. It can bd useler
the condition thaYVS/u* > 1 (Vriend, 2011). The model has been improved by gvV(Parker, 2004), which is

described in Equation 26. Later research pointgtai the (flume) data used for this experimentatrthe high
end of transport, which means that the formula tegtenates the transport in ‘normal’ rivers.

Meyer-Peter Muller ® =4.93(ub — 6,)*° with u = (62_0)3/2 andé,, = 0.047 (26)
With

0. = Critical Shields parameter [

C = Chezy roughness fris]

Ce = Shields parameter corresponding with D90 %%h

Einstein formulated a bed load transport model in 19504t€eim, 1950), which Parker approximated with
Equation 27 in 1979 (Parker 2004),

Einstein, Parker fitt  ® = 11.20"%(1 — 2)*% with §,,=0.03 (27)

The model ofEngelund Hansen (1967) (Vriend, 2011), described in Equation 28aitotal transport model.
Although it was originally intended as a bed losthsport model, results were in accordance withl toansport
measurements, for which it is applied later on. e Thodel appears to work well for total transportfiok
material with a large suspended load, under thditons that 0.19 mm < §3< 0.93 mm and 0.07 &< 6.
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. c? 2/5
Engelund Hansen ® = 0.05u60%% with u = (;) and (28)

Van Rijn (Van Rijn, 1993) distinguished bed-and suspendad,|creating the possibility to use the model in
quite a wide range of applications. The bed loaddport is described in Equation 29.

0.053 % for T < 3 ,
vanRino={ " with T =%, o = (£)"g:p = (%)1/ ’ (29)
0.15—for T >3 ber 20
In which
T, = Critical bottom shear stress [kgsi]
T = Dimensionless shear stress parameter [-]
T, = Grain related bottom shear stress [Kgrih
D, = Dimensionless particle diameter [
v = Kinematic viscosity [-]

Fernandez Luque (1974) (Parker 2004) based a model on experimeiatal from a five grain size mixture.
The Equation fits the different grain sizes by wagythe critical shear stress, expressed in theakiShields
parameter (Equation 30).

Fernandez Luque ® = 5.7(ub — 6,,)*5 with 6.,=0.037 for sand t6,,.=0.0455 for gravel (30)

The models described in Equations 26 to 30 arelynfin uniform sediment, although some have antioaal
extension. However, for mixtures other models Hasen developed.

Ashida and Michiue (1972) (Parker 2004) used the same format aerigmal Meyer-Peter Miller model,
but extended it with an hiding exposure functioraking it possible to use the Meyer-Peter Miller elddr
fractional transport. The new model, with hidingdegure function is described in Equation 31.

log (19)

. L . P — D;/Dsy) = 0.4
Ashida and Michiue O = 8(ub; — {;0.,)'° with {; = (log (19Di/D50)> for Di/Dso)
0.85 Dsy/D; for D;/Dsg) < 0.4

(31)

In which:

g = Hiding/exposure function [-]
D; = Particle diameter of fractioni  [-]
0; = Shields parameter for fractioni [-]

Parker (1990) (Parker 2004) developed a model for graeel gireams, and requires a renormalisation of the
fractions so that the sand is removed, see thénatigeference for the exact procedure. The maldéscribed
in Equation 32 in which the function @(represents a distinction in three formulas dejendn the value of.

Parker: ® = 0.00218 85G(¢) (32)
With
5 0.853\%5 f 5
474(1-227) or  ¢>159 | doeg) ( Dy \~0.0951
G(9) = | gra2-D-9284-12  for 1 < ¢ <159 with ¢ = ® 50386 (ﬁ)
o'+ for b<1
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0=1+=2—(0,(0s,) 1) s = Ty —log, D; F; 052 = L1 (% — B5)?F,

00(dsg0)
In wich:

Omsgy = Shields parameter based on the surface geometao size, Dsg  [-]

¢ = Transport function by Parker [
Ps = Sediment distribution coefficient [
Oy = Normal deviation in the sediment distribution [

o, andw, are functions oi;sgo, which are visualized in Figure 20.

16
et T T Figure 20: Diagram to
14 - .
P determine the values of and
L . o, (Parker 2004)
. '.f
!
1 ;
/ —omegaO
08 -
o, Go - - -sigma0
0.6 1
T —
04
0.2 1
0
0.1 1 10 100 1000
P50

Wu (Wu et al, 2002) developed a model on a wide rasfgdatasets, with a new type of hiding/exposure
function, in which the exposure of a fraction ispdeding on the surrounding fractions. It is assurtred
particles are distributed completely random, résglin the assumption that the exposure heightoisnally
distributed, visualized in Figure 21. The modeWd is visualized in Equation 33.

1.5

. 2.2 \—06
Wu @ = 0.0053F, [(%) I 1] withz,; = (p, — p)gD;8.,¢; and; = (%) (33)

Tci

In which
% = Grain shear stress, similar to the grain shigass of Meyer-Peter Miller  [-]
P, ; = Exposure probability of fraction iE?’:lF,’ % []
iTdj

Py = Hiding probability of fraction i :Z?’:l F; dijd' []

iTdj
Ty = Critical bottom shear stress of fraction i kgri's?
g = Hiding exposure function [
F; = Concentration of fraction i (s, sand or g, glav [
D; = Particle diameter of fraction i [m]
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Figure 21: The definition of the exposure height
by Wu.

Wilcock and Crowe (Wilcock and Crowe, 2003) developed a model fardégravel mixtures, visualised in
Equation 34, based on the fractions in the bedasarfThe model is explicit and is usable for thié dize
distribution of the bed surface, so no sand hdsetexcluded.

0.002¢7 for ¢ < 1.35 .
: _ pl5 e 4 b .
Wilcock and Crowe o=90 ;14 (1 _ %) for g =135 With: ¢ = 22 (34)
Jé
0.021+0.015¢~20Fs ¢ p; \P _ 0.67 . _
Tri = PAGDsm (Dsm) , b= _1+eXp (1-5_Di/Dsm) stm - Z DLFl
In which:
7 = Bottom shear stress [kdsT]
- = Hiding/exposure function [kgte?]
A = Ratio between water and sediment densilyg5) [-]
b = Power function, fitted to the data [-]
Dy = Mean surface grain size [m]

Notes towards the used roughness

By means of the shear stresé=pcyu?) and the shear velocity Q:\/%) the resistance is incorporated in the
sediment transport models. The best known roughtmefficients are those of Chezy (possibly expreégsdhe
Darcy Weisbach friction coefficient)fand Manning-Strickler. The resistance coefficieah be expressed in
these parameters by Equation 35 (Battjes, 2002hBar{Parker 2004).

Chezy: Crs = 5 = % with € = 18log (12}%) (35)
. . 1 (n\"1/3 .

Manning-Strickler: Crs = a—;(k—s) with 8 <a, <9 (36)

In which:

Cis = Friction coefficient related to skin friction 11

C = Chezy coefficient [ATs]

fe = Friction coefficient by Darcy Weisbach [-]

h = Water depth [m]

ks = Effective roughness height [m]

oy = Coefficient [-]

The roughness of a riverbed is normally dividetiio components, skin friction and form roughnekat t
together form the total roughness (Equation 373hisiresearch however, only the skin frictionaken into
account.

Cf = Cfs + Cff (37)
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Sediment transport [m3day™]

Appendix E: Sensitivity of Meyer-Peter Miiller, Wu and Wilcock & Crowe

Sensitivity of Meyer-Peter Miiller and Wilcock & Crowe for calibration parameters

In chapter 3 was stated that the models of MeyégrR@iller and Wilcock & Crowe have limited sengitty for
their calibration parameters. In respectively Fgg@P and Figure 23 the sensitivety of both modaisafsingle
calibration parameter is visualised.

In Figure 22 the predicted transport rates of Meyeter Miller are shown, for eight different valwdsthe
calibration parameter, the critical Shields valiye A decrease of, means that the formula theoretically
predicts earlier sediment transport, and thus higlhasport rates. On the other hand, an increb8g results in
lower transport rates. While changing the valuetfer critical Shields parameters sorts large edfdot the
lower discharges, it barely influences the predicsediment transports at high discharges. Due i® th
observation, and the fact that the original valuedjrts the sediment transport quite well, there o legit
arguments for changing the critical Shields paramietthe Meyer-Peter Miller model.

Different values for o, with MPM

—6, =0.032
— 8, =0.041
B,,~0.043
B,,=0.045
==~ =0.047 (original valug) i

B,,~0.050
—6,_=0.052
B,~0.055

O Measured bedload transport Kamphuis
£ Measured bedload transport Frings

| ] ] I I
4000 FO00 ga0o 10000 12000
Discharge Q [mas'1]

|
2000

[

Figure 22: Sensitivity of Meyer-Peter Mller foiethritical Shields parameter, which is normallyduas calibration

parameter (Kroekenstoel, 2001). Changing the vafuke critical Shields parameter is futile fordar discharges.

Almost the same can be observed by the Wilcock &@r model, although another calibration paramegter i
used (the constant 0.89 in the original model)wéovalues for the constant results in higher axarttansports
and the relative change of predicted sediment pamss larger for low discharges. Although the lapmation

of the sediment transport by the Wilcock & Crowe dabimproves for a slightly different value of the
calibration constant, there has been chosen to ikextpts original value. Changing the parametsults in a
less reliable model, since the original best fitniedified. Taking in account the limited data ofdblad
transport, no hard argument can be presented tggehthe original value.
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W&C tranport rates for different values of the constant 0.894
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3
T
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Sediment transport [m3day'1]
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Figure 23: Sensitivity of the Wilcock & Crowe (W&Ggdiment transport model for a calibration paramet
Relatively large changes in this constant resudinmall changes in predicted sediment transporthifgiier
discharges).

Sensitivity of the Wu and Wilcock & Crow models for different sand/gravel ratios for
different discharges.

Figure 13 presented the approximated sedimentgoaingate for the models of Wu and Wilcock & Croav &
constant discharge. In Figure 24 (model of Wu) Bigaire 25 (model of Wilcock & Crowe) the change in
predicted sediment transport for different disckarig presented. In each figure, 7 different saagé ratios
are plotted, including the two boundaries: 100%dsamd 100% gravel.

The model of Wu predicts very low sediment transpates when only gravel is present. For higher
concentrations of sand, the transport increase#nféise beginning, but for the ratios presenteBigure 24
there is barely any difference. In accordance Wwitfure 13, the sediment transport rates for ontylsare lower
than that of a mixture. Since the behaviour ofrtiwalel is the same for all discharges, it can belcoed that
Figure 13 is valid for all discharges.

Wu for different sandigravel ratios

Figure 24: The
behavior of the Wi
sediment transport
model for different
sand/gravel ratios
with increasing
discharges.

—0/100
— 5040
— 5545
— G040
—65/35
7030
100/
O Measured bedload transport Kamphuis |1
L Measured bedload transpaort Frings
I

Sediment transport [m3day1]
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a 2000 4000 G000 2000 10000 12000
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Sediment transport [m3day 1]

For the model of Wilcock & Crowe, the same condusian be derived. In Figure 25 it can be obsetivatithe
transport rates increase for higher sand fractidhs.approximated sediment transport for only sarugger
than all other estimated sediment transports, la@ckfore it can be concluded that Figure 13 isiviali all
discharges.

W& for different sandlgravel ratios

\ : : : : : :
10 E Figure 25: The
] behavior of the
Wilcock & Crowe
(W&C) sediment
transport model for
different sand/grave
0° L i ratios with
increasing
discharges.
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Notes
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