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Vorwort

Der Ausbau der Fliisse fiir die Belange der Energiewirtschaft und des Schiffsverkehrs hat
mitunter Aufstaumafnahmen erforderlich gemacht, die zu starken Sedimentationserschei-
nungen gefiihrt haben. In Flustauhaltungen, Talsperren und Riickhaltebecken kommt es
teilweise zu starken Schwebstoffablagerungen, die sowohl aus quantitativer wie auch qua-
litativer Sicht zu Problemen fiithren. Fiir die Gewiassermorphologiesi sind Erosions- und
Sedimentationsprozesse von grofier Bedeutung. Mathematisch numerische Transportmo-
delle sind geeignete Instrumentarien fiir die Beurteilung morphologischer Entwicklungs-
tendenzen und kénnen einen wichtigen Beitrag liefern fiir Gewdsserentwicklungskonzepte,
Gewiisserunterhaltung und Sedimentmanagement.

GrofBrdumige Transportprobleme in Flie§gewsssern werden héufig mit l-dimensionalen
Modellans#tzen beschrieben, wobei auf eine laterale Differenzierung der Transportprozesse
innerhalb des FlieBquerschnittes verzichtet wird. Mit dem in der vorliegenden Arbeit
weiter- entwickelten Stromrohrenmodell kann das Strémungsfeld erfat und die damit ver-
bundenen Sedimentations-, Erosions- und Transportprozesse quasi 2- dimensional beschrie-
ben werden. Das Verfahren ist besonders geeignet zur Quantifizierung der Sedimentation
auf {iberfluteten Vorlindern und in ufernahen Strukturen, wie beispielsweise Buhnen-
feldern. Die Modellierung des Erosions- und Sedimentationsverhaltens von Suspensagemi-
schen wird mit probabilistischen Ansiitzen fiir die einzelnen Schwebstofffraktionen weit-
erentwickelt und mit experimentellen Daten anderer Autoren iiberpriift und verifiziert.

Die Anwendung des quasi 2-dimensionalen Schwebstofftransportmodells zur Vorhersage
der Sedimentationsprozesse in dem weltweit bekannten Stausee des 3-Schluchten-Projekts
am Jangtze in China zeigt eindrucksvoll die riumliche und zeitliche Entwicklung des Ver-
landungsprozesses sowie den Anteil der einzelnen Kornfraktionen des Schwebstoffgemi-
sches an der Gesamtssedimentation. Fiir den prognostizierten Zeitraum von 76 Betriebs-
jahren zeigt sich eine auBerordentlich gute Ubereinstimmung mit den an der Tsinghua
Universitit in Peking durchgefiihrten fluBhydraulischen Modellversuchen. Dariiber hinaus
wurde fiir die Stauhaltung Lauffen am Neckar auf der Basis einer hydrologisch generierten
Zeitreihe eine Langzeitprognose der Stauraumverlandung durchgefiihrt und die Entwick-
lung des Sedimentationsvolumens dargestellt. Fiir eine ausgewahlte Abfluiperiode von
1989 bis 1994 wurde eine Sedimentbilanz erstellt und hierbei die Schwebstoffablagerungen
auf dem iiberfluteten Vorland rechnerisch zu 1,3 zeigt, daB mit dem Modell wichtige Teilbi-
lanzen erstellt werden konnen, die fiir morphologische und gewisserckologische Auswirkun-
gen der Sedimentation von Bedeutung sind.

Die Arbeit liefert wichtige Ansatzpunkte fiir die Beriicksichtigung des korngréfienab-
hingigen Erosions- und Sedimentationsverhaltens und stellt damit eine wichtige Aus-
gangsbasis dar fiir eine weitergehende Beschreibung des korngréBenspezifischen partiku-
ldren Schadstofftransportes in FlieSgewéssern.

Stuttgart, im September 1998 Bernhard Westrich
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X1V Zusammenfassung

Zusammenfassung
(Summary in German)

Einfiihrung

Der Ausbau und die Regulierungen von FluBldufen zur menschlichen Nutzung stellt eine
wichtige Aufgabe dar. Fin alluvialer Flu8 ist ein selbstregulierendes System. Er reagiert
auf das durch menschliche Eingriffe wie z.B. Stauanlagen, Dammbau, Uferschutz gestorte
dynamische Gleichgewicht durch morphologische Gegenentwicklungen. Zu diesen Pro-
zessen zéhlen Verdnderungen des Sohlgefilles, der Korngrofenverteilung des Sohlmate-
rials, der Flielquerschnitte und des Flufiverlaufs. Der Anpassungsproze 148t sich an
den morphologischen Verinderungen und dem FlieBverhalten des Flusses erkennen. Die
Beurteilung und Vorhersage der morphologischen Verinderungen stellt somit eine wichtige
Aufgabe fiir das FluBmanagement dar.

Hochwasserereignisse spielen fiir die FluBmorphologie eine herausragende Rolle, da Sedi-
mente meistens wihrend Hochwasserperioden transportiert und umgelagert werden. Im
Falle von Ausuferungen haben die Vorlinder einen grofien Einfluf auf den Feststofftrans-
port. Die Erosion an der Flufisohle wird gebremst und auf den Vorlindern kommt es zur
Ablagerung von Sedimenten.

Die morphologischen Veriinderungen eines Flusses hingen von den Einwirkungen von
Stromung und Sedimenttransport ab. Fiir den Sedimenttransport sind die Ablagerung und
Erosion von Feststoffen die mafigebenden Prozesse. Diese Prozesse werden von den Eigen-
schaften und der Kornverteilung des Sohlmaterials beeinflufit. Die unterschiedliche Par-
tikelgréfie der verfiigbaren suspendierten Partikel und die davon abh#ngige Sinkgeschwindji;
keitsverteilung filhren zu einer selektiven Sedimentation. Entsprechendes gilt fiir das
verfiighare Material an der Sohle und die davon abhiingige Verteilung der kritischen Ero-
sionsschubspannung hinsichlich einer selektiven Erosion.

Die selektiven Transportmechnisierén haben zur Folge, daf sich die Kornzusammenset-
zung der Sohle entlang eines Flusses verdndert. Bei ungleichfémiger Kornverteilung wihren
des Transport- und Sedimentationsprozesses findet eine Kornsortierung nach der GréfBe
statt. Die Suspension der feineren Partike] fiihrt zu einer Anreicherung von grobkdrnigem
Material an der Sohle, deren Erosionsfihigkeit dadurch verringert wird. Die feinen Sedi-
mente lagern sich in Stauhaltungen und anderen Stillwasserzonen ab. Durch die weiterge-
hende Sedimentkonsolidierung erhéht sich die Erosionsstabilitit der Flufisohle im Laufe
der Zeit. Feinsedimente konnen als Trdger von Schadstoffen fungieren. Die Ablagerung
von Feinsedimenten fithrt in Stauriumen daher oft zu Kontaminationsproblemen.



Zusammenfassung XV

Um die Prozesse des Sedimenttransports unter Beriicksichtigung des selektiven Trans-
ports realitdtsnah zu simulieren, ist ein Mehrkorn-Sedimenttransportmodell erforderlich,
das die Transportdynamik von Korngréfengemischen beschreibt und die Transportrate
der einzelnen Korngrofenfraktion ermittelt. Auf der Grundlage von deterministischen
Verfahren wurden bereits einige Methoden zur direkten Berechnung von fraktionsweisen
Erosionsraten oder des gesamten Feststofftriebes entwickelt. Probleme bei der Anwen-
dung solcher Verfahren sind die Bestimmung der entsprechenden Koeflizienten und der
eingeschriankte Giiltigkeitsbereich der jeweiligen Verfahren. Eine andere M6glichkeit zur
Simulation des selektiven Sedimenttransports bieten die probabilitischen Methoden, die
oft fiir die Berechnung der Erosion eingesetzt werden. Diese Methoden basieren auf der
statistischen Beschreibung der momentanen Sohlschubspannung der turbulenten Stréomung
und der Verfiigbarkeit von Material an der Sohle. Die effektive Sohlschubspannung und
der Anteil der Fraktion im Sohlmaterial bestimmen den Beginn und das Ausmaf} der Ero-
sion einer Kornfraktion. Bei diesen Methoden miissen nur wenige Koeffizienten bestimmt
bzw. kalibriert werden.

Die numerische Modellierung findet in der Ingenieurpraxis zur Simulation von Strémung
und Sedimenttransport breite Anwendung. Mit eindimensionalen numerischen Modellen
konnten Erfolge bei der Simulation der langfristigen Verdnderungen fiir ausgedehnte Fluf-
strecken erzielt werden. Ein eindimensionales Modell kann aber nur die durchschnitt-
lichen Parametergroffien in den Flieiquerschnitten ermitteln. Zweidimensionale Modelle
sind erforderlich, um Informationén tiber die morphologischen Verdnderungen in Fliissen
zu erhalten.

Auf der Grundlage dieser Uberlegungen wurde ein Stromréhrenmodell als ein quasi zwei-

dimensionales Modell zur Simulation des Schwebstofftransports in einer Flufistrecke ent-

wickelt. Fiir dieses Stromréhrenmodell wird die Annahme getroffen, dafl die tiefengemit-

telte Stromungsgeschwindigkeit quer zur HauptflieBrichtung vernachléssigtbar ist. Im all-

gemeinen gelten solche Voraussetzungen fiir eine stationdre Strémung in einer geraden

FluBstrecke. Fiir FluBabschnitte mit Sekundirstrémungen, die durch Kurven oder lokale

geometrische Verfinderungen verursacht werden, ist das Stromréhrenmodell nur beschrinkt
anwendbar. Durch einen Zusatzterm, der die Partikeldispersion quer zur Strémungsrichtung
beriicksichtigt, wird die Anwendungsmaéglichkeit des quasi zweidimensionalen Transport-

modells erweitert.

Das Hauptziel der vorliegenden Arbeit besteht in der Entwicklung eines Modells zur Sim-
ulation des Sedimenttransports. Hierbei sind Teilziele zu bearbeiten:

e Entwicklung von numerischen Methoden zur Beschreibung des zweidimensionalen
Ein- und Mehrkorn- Schwebstofftransports und der morphologischen Veridnderungen
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in Fliissen. Die Sedimenttransportmodelle sind mit einem Stromréhrenmodell gekop
pelt, das die fiir die Berechnung des Sedimenttransports erforderlichen Strémungs
parameter liefert.

o Untersuchung des lateralen Schwebstoffaustausches zwischen dem Gerinne und der
Vorléndern. Eine Formel zur Quantifizierung des Massenaustausches wird abgeleitet
um das Anwendungsfeld des quasi zweidimensionalen Modells zu erweitern.

e Untersuchung des Mechanismus der Sedimentsuspension. Eine Methode zur Ab-
schitzung der fraktionsweisen Resuspension (Erosion) wird entwickelt. Mit derer
Hilfe soll der Effekt des selektiven Transports auf den Sedimenttransport, die Korn-
zusammensetzung an der Fluisohle und die morphologischen Verinderungen unter-
sucht werden.

o Anwendung der Modelle. Angestrebt wird die Analyse und Prognose langzeitiger
morphologischer Verdnderungen von Fliissen anhand von Fallbeispielen.

Entwicklung und Anwendung numerischer Modelle

Strémungsmodell

Es wurde ein eindimensionales Stromréhrenmodell entwickelt, mit dem ein zweidimension-
ales Stromungsfeld nachgebildet werden kann. Der FluB wird in Stromréhren mit gleichem
Teildurchflufl ¢, aufgeteilt. Die Strémungsrichtung verlauft parallel zu den Stromréhren.
Bei instationdrem AbfluB werden die Stromrohren den Veréinderungen des Strémungsfeldes
entsprechend angepaft. Dem Modell liegen die Kontinuitiits- und Impulsgleichung zur
Berechnung der Strémung zugrunde. Das erzeugte diskretisierte Gleichungssystem wird
mit der Finiten Differenzen-Methode gelst.

Die Stromlinien, die die Rénder der Stromréhren markieren, und die FlieSquerschnitte
bilden ein natiirliches orthogonales krummliniges Koordinatensystem. Sie bilden gleich-
zeitig das systemeigene Gitter, das in das Sedimenttransportmodell iibernommen wird.
Die x-Achse liegt auf der Mittellinie des Flusses bzw. die z-Achse anf dem ersten Flief-
querschnitt am oberstromigen Modellrand. Die Abstinde der Gitterzellen sind sowohl in
x-Richtung als auch in.z-Richtung verinderlich und entsprechen somit nicht den Gitter-
abstéind auf den Achsen. Fiir die numerische Umsetzung werden zwei metrische Koef-
fizienten, m, und m,, als Korrekturfaktoren eingefiihrt. Die Werte von m, variieren je
nach Flufityp zwischen 0,57 und 1,35.
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Einkorn—SchWebstoﬁ'transportmodell

Auf dem natiirlichen, orthogonalen, krummlinigen Koordinatensystem erfolgt im An-
schlufl an die Stromungberechnung die Simulation mit dem entwickelten zweidimension-
alen Schwebstofftransportmodell. Die tiefengemittelte Konvektions-Dispersions-Gleichung
wird zur Beschreibung des Schwebstofftransports verwendet. Unter Berilicksichtigung der
metrischen Korrekturfaktoren kann die Konvektions-Dispersions-Gleichung wie folgt for-

muliert werden:
Omgm,hC + om,huC = OmzhvC 0 &h aC + g(mthZ@) LB g

ot oz oz ”a(mz ’”'555) dz'm, 0z

wobei h die lokale Wassertiefe, u und v die tiefengemittelten Geschwindigkeitskomponen-
ten in Fliefirichtung x und Querrichtung z, C die tiefengemittelte Schwebstoffkonzentra-
tion, £ die Erosionsrate und S die Sedimentationsrate sind. Die diskretisierte Konvektions-
Dispersions-Gleichung wird iiber die Finite-Volumen-Methode (FVM) numerisch geldst,
wobei die Massenbilanz fiir jedes Kontrolivolumen vollsténdig erhalten wird.

Es wird angenommen, daf} in turbulenter Strémung der Dispersionskoeffizient von Fest-
stoffen dem Dispersionskoeffizient von geldsten Stoffen entspricht. Im Falle einer Ausufer-
ung findet infolge des Geschwindigkeitsgradienten ein starker lateraler Massenaustausch
zwischen dem Hauptgerinne und den Vorldndern statt. Der Dispersionskoeffizient wird als
Funktion der Differenzen der Geschwindigkeiten und der Wassertiefen zwischen Gerinne
und Vorldndern, a|uy, — tp|(hm ~ hp) mit o = 0.12 — 0.24, formuliert.

Anwendungsbeispiel:

Der Schwebstofftransport in der Stauhaltung Lauffen am Neckar wurde mit dem kali-
brierten Transportmodell untersucht. Diese Stauhaltung enthilt sowohl kohdsive als auch
nicht kohésive Sedimente. Die Kornzusammenzetzung der Sohle unterliegt rdumlich starken
Verdnderungen. Infolge der Sedimentkonsolidierung steigt die kritische Erosionsschub-
spannung der FluBsedimente mit der Ablagerungsdauer an. Es wird angenommen, daf sie
den maximalen Wert nach 7 Tagen erréicht und danach konstant bleibt. Um die Erosion
des Sediments naturndher zu simulieren, wird ein Zwei-Schichten-Modell implementiert.
In dem Modell werden zwei kritische Sohlschubspannungen als Grenzwerte fiir die Erosion
angenommen. Eine ist die auf das innerhalb von 7 Tagen frisch abgelagerte Sediment bezo-
gene durchschnittliche kritische Erosionssohlschubspannung, die andere ist die maximale
kritische Erosionssohlschubspannung fiir das konsolidierte Feinsediment und das nicht
kohésive, grobere Sediment.

Das Stromungsmodell und das Transportmodell wurden mit Felddaten iiber einen Zeit-
raum von 22 Jahren (1973-1994) kalibriert. Als Grundlage fiir die Kalibrierung des Stré-
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mungsmodells dienten die gemessenen Wasserspiegellagen des Neckar bei Hochwasser. Fiit
die Eichung des Transportmodells standen die Profildatensitze aus Sohlpeilungen der
Jahre 1973 und 1994 zur Verfiigung. Die Kalibrierung des Transportmodells wurde durch
Variation der Sedimentations- und Erosionsparameter und der kritischen Erosionsschub-
spannungen des Sohlmaterials durchgefiihrt. Die Ergebnisse zeigen, da das Schwebstoff-
transportmodell die gemessenen Hohenverinderungen der Sohle sowie den Stoffaustausch
fiir den Neckar bei Lauffen mit gegliederten Querschnitten beschreiben kann.

Mit dem kalibrierten Modell wurde eine Prognoserechnung hinsichtlich der Verénderung
der FluBsohle fiir einen Zeitraum von 50 Jahren (1995-2045) durchgefiihrt. Dazu wurde
eine AbfluBganglinie auf der Basis der vorliegenden Tagesabfliisse, die sich iiber den
Zeitraum von 1950-1994 erstrecken, als Eingabedatei generiert. Das Volumen an abge-
lagertem Sediment nimmt bei kleinen Durchfliissen infolge Sedimentation zu und wihrend
der Hochwasserperioden infolge Erosion sprunghaft ab. Erosion findet bei Abfliissen tiber
600 m3/s statt. Dies geschieht im Mittel an ca. 4,5 Tagen pro Jahr. In dem unter-
suchten Zeitraum wurden insgesamt ca. 1100 - 10® m?® Sediment erodiert. Die fiir den
Prognosezeitraum berechnete mittlere Erosionsrate liegt deutlich iiber der fiir den Kalib-
ricrungszeitraum ermittelten mittleren Erosionsrate. Der Grund dafiir liegt darin, daf
der maximale Tagesabflu$§ (1745 m®/s) im Prognosezeitraum viel gréBer als der maximale
Tagesabflu im Kalibrierungszeitraum (1490 m3/s) ist. Die Prognoserechnung deutet an,
daf} der Schwebstofftransport sehr empfindlich auf das AbfluBgeschehen, insbesondere auf
die Abfluspitzen, reagiert.

Die abgeleitete Formel zur Bestimmung der Partikeldispersion in der Nihe der Trenn-
fldchen zwischen Hauptgerinne und Vorlindern wurde mit Daten aus dem Laborversuch
von James (1986) getestet. Anschliefend wurde die Sedimentation auf den Vorlindern
mit dieser getesten Formel fiir einen Zeitraum von 5 Jahren (1989-1994), in dem sich drei
Hochwasserereignisse ereignet haben, untersucht. Die Simulationsergebnisse zeigen, daf
eine Sedimentation auf den Vorlindern nur dann stattfindet, wenn ein Abflul von 600
m/s iiberschritten wird. Dieser Abflufl hat ein Wiederkehrintervall von ca. 1,45 Jahren.
Dieser Wert stimmt mit den Felddaten (Wiederkehrintervall: 1,5 Jahre) iiberein. Wahrend
der drei Hochwasserereignisse strémten insgesamt ca. 570+ 10* m3 Schwebstoffe in die Un-
tersuchungsstrecke ein. Dies entspricht 47,1% der insgesamt -einflieBenden Schwebstoffe
innerhalb dieser fiinf Jahre (1,2 - 105 m®). 1,6% der durch Hochwasser eingetragenen
Schwebstoffe kamen auf den Vorlindern zur Sedimentation. Da die Feinsedimente Trager
fiir umweltrelevante Schadstoffe sind, sollte das Ausma$ der Sedimentation zukiinftig
naher untersucht werden. Die abgeleitete Formel zur Berechnung der Dispersion an den
Trennfldchen erweitert die Anwendung des Stromréhrenmodells. Dadurch wird ein zu-
verldssiges Instrumentarium zur Simulation des Sedimenttransports in Fliissen mit kom-
plexer Geometrie zur Verfiigung gestellt.
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Mehrkorn—Schwebstoﬁ'transportmodell

Im allgemeinen kann fiir Schwebstoffe und Sohlmaterial keine einheitliche Korngréfie
angenommen werden. Die Partikel in Suspension sind in der Regel wesentlich kleiner als
die an der Sohle. Aufgrund des selektiven Transports verdndert sich die Kornverteilung des
Sohlmaterials in Fliefrichtung. Mit einem Einkorn-Transportmodell ist es nicht moglich,
diesen Kornsortierungsprozefl darzustellen. Nur ein Mehrkornmodell kann dieses Phinomen
adaquat nachbilden.

Die Resuspension von abgelagerten Partikel einer bestimmten Korngréfie kann als sto-
chastischer Vorgang beschrieben werden. Der Vorgang ist von den folgenden Faktoren
abhéngig: den schwankenden Sohlschubspannungen, der verfiigbaren Partikelmenge an
der Sohle und der Schwebstoffkonzentration. Diese Faktoren kénnen durch die Mobilitat
und Verfiigbarkeit der Partikel beschrieben werden.

In der Arbeit wurde eine neue Methode zur Bestimmung der Korngréfenverteilung der
erodierten Partikel abgeleitet, unter Beriicksichtigung

e der Mobilitit der einzelnen Korngréfenfraktion im Sohlmaterial, die von der tur-
bulenten Sohlschubspannung, der kritischen Erosionsschubspannung und der Korn-
grofle abhéngt.

e der Verfiigbarkeit jeder Korngro8enfraktion in der Sohle.

e der Schwebstoffkonzentration jeder Korngrofenfraktion, die von der Sinkgeschwin-
digkeit der Partikel und der fraktionsweisen Schwebstoffkonzentration in Sohlndhe
abhéngt. Die fraktionsweise Konzentration hangt wiederum von der Turbulenz und
der Transportfahigkeit dieser Kornfraktion ab.

Die Sohlschubspannung unterliegt turbulenten Schwankungen. Die effektive Schubspan-
nung fiir die Erosion ist die Differenz zwischen der Sohlschubspannung 7 und der kritischen
Schubspannung 7.. Die zeitlichen Schwankungen der Sohlschubspannung kénnen als eine
Gaufische Verteilung um den Mittelwert 7 mit einer Standardabweichung o beschrieben
werden. Fiir eine gegebene Stromung ist die turbulente Sohlschubspannung zu bestimmen.
Die kritische Sohlschubspannung, bei der die Partikelbewegung einsetzt und ein Erosion-
sprozefl stattfindet, hdngt von dem Durchmesser der Kornfraktion ab. Die Wahrschein-
lichkeit, daf die momentane Sohlschubspannung die kritische Erosionssohlschubspanhung
iiberschreitet, ist fiir eine Fraktion mit kleinem Durchmesser grofier als fiir grobkdrniges
Material. Somit besitzen Feinsedimente eine gréflere Mobilitét.

Der unmittelbare Bereich nahe der Sohloberfliche kann in die folgenden Zonen unter-
gliedert werden: sohlnahe Zone oberhalb der Sediment-Wassér-Grenze, mobiles Flufibett
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und immobiles Bett. Das mobile FluSbett kann in Abhéngigkeit vom Strémungsgeschehe
in eine transportaktive Schicht und eine inaktive Schicht (tiefes Flulbett) unterglieder
werden. In der aktiven Schicht findet der Austausch zwischen den Schwebstoffen und den
Sohlmaterial statt. Die Partikel im tiefen FluBbett befinden sich bei der vorherrschender
Stromung in Ruhe, sie kénnen aber moglicherweise bei stirkerem Stromungsangriff erodier
werden. Das immobile FluBbett ist nicht an der aktuellen Erosion beteiligt.

Die aktive Schicht und das tiefe Flufibett kénnen weiter in Einzelschichten unterteill
werden. Solche Einzelschichten kiénnen unterschiedliche Eigenschaften besitzen, z.B. Korn-
grofenverteilung oder Sedimentdichte. Diese Unterschiede beruhen auf unterschiedlichen
Sedimentationsbedingungen,

Bei der Ableitung der neuen Methode zur Bestimmung des Anteils jeder einzelnen Korn-
fraktion an der Gesamtkornverteilung des Erosionsmaterials werden folgende Annahmen
und Uberlegungen getroffen:

e Jede Kornfraktion besitzt einen charakteristischen Durchmesser dy.

Die effektive Sinkgeschwindigkeit ist als Differenz zwischen der vertikalen aufwirts-
gerichteten turbulenten Geschwindigkeit und der Sinkgeschwindigkeit definiert.

e Die suspendierten Partikel der Fraktion n kénnen nur dann sedimentieren, wenn die
effektive Schubspannung kleiner als die kritische Schubspannung fiir den Sedimen-
tationsbeginn der Partike] ist.

e Die Partikel der Fraktion n werden dann suspendiert, wenn die effektive Schubspan-
nung die kritische Schubspannung fiir den Bewegungsbeginn iiberschreitet.

e Die momentane Sohlschubspannung kann mit einer GauBschen Verteilung beschrieben
werden. Die Wahrscheinlichkeit, daf die kritische Sohlschubspannung fiir die Erosion
kleiner bzw. fiir die Sedimentation grofier als die vorherrschende Schubspannung 7,
ist, ergibt sichf nach Integration der normierten Gaufischen Verteilung von .,

® Erreicht der Schwebstofftransport ein Gleichgewicht, so haben die Suspensa in der
sohlnahen Zone und das aus der aktiven Schicht erodierte Sediment die gleiche
Kornverteilung.

Unter Beriicksichtigung der oben genannten ﬁberlegungen wurde eine Formel zur Ermitt-
lung der Erosionsanteile fiir jede einzelne Kornfraktion des erodierten Sediments, pg,,
abgeleitet,.

__ Pmcun (1~ Tothn)
Pon = ————20

ngl plmaun(1 - ann)
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Hierbei bezeichnet pyy, den Anteil der Fraktion n in der aktiven Schicht, ¢ eine Wahrschein-

lichkeitsfunktion von %, T, den Transportparameter der Kornfraktion n und oy, das
Verhéltnis zwischen der aufwértsgerichteten Geschwindigkeit und der Sinkgeschwindigkeit
der Partikel der Kornfraktion n. o, nimmt mit zunehmendem Partikeldurchmesser ab.

Der Maximalwert von a, ist 1.

Aus der Formel folgt, daf§

® Pgn von pp, und den hydraulischen Parametern beeinfluflt wird,

o die Korngroflenverteilung des erodierten Sediments feiner als die der aktiven Schicht
ist,

e sich die Verteilung von p,, bei gegebenem p,, mit zunehmender Fliefistrecke in
Richtung gréberer Kornfraktionen verschiebt.

Im Vergleich mit den existierenden Methoden ist diese abgeleitete Methode einfacher und
ohne weitere Modifikation anwendbar. Die Formel beriicksichtigt drei wichtige Faktoren
zur Bestimmung der Korngréfenverteilung von erodiertem Sediment, némlich die schwan-
kenden Sohlschubspannungen, die Korngréfienverteilung der aktiven Schicht und diejenige
der suspendierten Schwebstoffe. Der Selektionseffekt beim Transport von Korngemischen
kann dadurch realitdtsnah beschrieben werden.

In dem Mehrkorn-Schwebstofftransportmodell sind die bestimmenden Gleichungen der
Kornfraktion n, die numerische Losungsmethode und die Gittererzeugung identisch wie
in dem Einkorn-Transportmodell. Zum Lo&sen des Gleichungssystems wird jede Frak-
tion mit einer entkoppelten Methode getrennt behandelt. Die gegenseitige Beeinflus-
sung der Fraktionen wird nicht beriicksichtigt, da die Konzentrationen niedrig sind und
damit der resultierende Fehler vernachldssigbar ist. Hingegen wird die Verteilung der
Schwebstofftransportkapazitit der Stromung beriicksichtigt, da dies die fraktionsweisen
Erosionsraten maflgeblich beeinflufit.

Anwendungsbeispiele:

Das Mehrkorn-Sedimenttransportmodell wurde mit den Daten aus den Laborversuchen
von Samaga (1986) und des physikalischen Modells der Tsinghua Universitdt (China,
1994) getestet. Die Simulation der Korngréfenverteilung der suspendierten Feststoffe
wurde von Samaga unter stationdren Stromungen durchgefiihrt. Das physikalische Mo-
dell der Tsinghua Universitdt beschreibt die Sedimentation in den Stauhaltungen des
Drei-Schluchten-Projekts iiber 76 Jahre. Die Berechnungsergebnisse des Mehrkorn-Sedi-
menttransportmodells deuten an, dafl in den ersten 45-50 Jahren eine grofle Menge an
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Sedimenten in den Stauhaltungen zurlickgehalten wird. Danach schreitet die Sedimen-
tation langsamer voran. Eine gute Ubereinstimmung zwischen gemessenen und berech-
neten Ergebnissen konnte sowohl beziiglich des Sedimentvolumens als auch der Quer-
schnittsveranderungen erzielt werden.

Zum Nachweis der Leistungsfahigkeit des Mehrkorn-Schwebstofftransportmodells wurde
der selektive Sedimenttransport untersucht. Das Ziel bestand darin, die Anderungstendenz
der Korngroflenverteilung der suspendierten Feststoffe und des Sohlmaterials darzustel-
len. Da dafiir keine Felddaten vorlagen, wurden allgemeine Daten der Stauhaltung Lauffen
verwendet,.

Es wurde die Veriinderung der Kornverteilung und des mittleren Durchmessers des Sohl-
materials wahrend des Hochwassers im Dezember 1993 untersucht. Es wurde angenom-
men, dafl am Anfang der Berechnung das Sohlmaterial in der gesamten Strecke die gleiche
Korngrofenverteilung hat. Die Ergebnisse der Modellberechnungen zeigten einen starken
Selektionseffekt infolge des Hochwassers. Der mittlere Korndurchmesser nimmt entlang
der untersuchten Fliefstrecke ab. Die Kornverteilung verschiebt sich in Richtung un-
terstrom zu feineren Kornfraktionen. Die hochwasserbedingte Verschiebung der Korn-
zusammensetzung hin zu gréfien Kornfraktion an der Flufisohle geht mit einem Anstieg
der Erosionsstabilitdt der FluBsohle einher. Das Simulationsmodell berechnete beispiel-
haft fiir ein Hochwasserereignis, dafl die Erosionsrate in der betrachteten Stauhaltung fiir
Q = 420 m3/s bei ablaufender Hochwasserwelle um 47% geringer ist als bei anlaufender
Welle. Die Kornverteilung des suspendierten Sediments ist viel feiner als die in der aktiven
Schicht des FluBbetts. Die ermittelte Korngroflenverteilung der suspendierten Feststoffe
wurde mit den Felddaten verglichen. Es zeigt sich, dafl nur mit dem numerischen Modell
die fraktionsweise Erosionsrate bei variierenden Abfliissen unter Verwendung der gemes-
senen Kornverteilung des Sohlmaterials ohne weitergehende Modifikation der Koeffizien-
ten berechnet werden kann.

Die abgeleitete Formel hat im Vergleich zu anderen bekannten Methoden deutliche Vorteile
hinsichtlich der benétigten Eingangsdaten und der Anwendbarkeit. Das Mehrkorn-Sedi-
menttransportmodell liefert zuverlissige Informationen iiber die Verinderung der Sohlen-
hohe und der KorngréBenverteilung der Schwebstoffe und des Sohlmaterials in FluBl&ngs-
richtung.

Das Transportmodell fiir gleichfsrmige Sedimente ist geeignet fiir die Simulation und
Prognose langfristiger Tendenzen der Flufmorphologie. Die Annahme eines resprisen-
tativen Durchmessers der Sedimente weicht von den wahren Verhéltnissen in der Natur
ab. Zur Untersuchung der Auswirkungen des selektiven Transports auf die fraktionsweisen
Erosions- und Sedimentationsraten bzw. die Anderung der KorngroBenverteilung des Sohl-
materials ist das Mehrkorn-Transportmodell erforderlich. Allerdings erfordert das Modell
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einen gréfleren Speicherplatz bei der Berechnung. Aufgrund der rasanten Entwicklung im
Bereich der Computertechnik verliert dieser Nachteil zunehmend an Bedeutung.

Ausblick

Die vorliegende Arbeit leistet einen Beitrag zur numerischen Untersuchung des Schweb-
stofftransports in Fliissen. Die entwickelten Transportmodelle fiir gleichférmige und un-
gleichférmige Sedimente sind praktisch von relevant und stehen fiir weitere Forschungs-
arbeiten als wichtige Hilfsmittel zur Verfiigung. In weiteren Arbeiten sollten einige wichtige
Problempunkte des Feststofftransports detailliert untersucht werden:

o Die Sedimentation auf den Vorlédndern wird von der Partikeldispersion an den Trenn-
flichen zwischen dem Hauptgerinne und den Vorldndern beeinflufit. Fiir eine ge-
nauere quantitative Einschétzung mufl der in der abgeleiteten Berechnungsformel
auftretende Koeflizient durch Experimente noch quantifiziert werden.

o Der selektive Transportprozel verdndert die Kornverteilung des Materials an der
Fluisohle, wodurch sich ihr Reibungswiderstand verdndert. Der Sohlreibungswider-
stand iibt grofen Einflufl auf die Berechnung des Wasserspiegels und damit auch auf
den Sedimenttransport aus. Deshalb sollte der Widerstandsbeiwert in Abhéngigkeit
von der Sohlzusammensetzung ausgedriickt werden.

e Die in dieser Arbeit entwickelten Transportmodelle beriicksichtigen lediglich den
Schwebstofftransport, nicht jedoch die Umlagerung von Geschiebe an der Flufisohle.
Eine Erweiterung der Modelle um entsprechende Module fiir den Geschiebetrans-
port stellt einen wichtigen Schritt dar, um den Sedimenttransport in FlieBgewé#ssern
realitétsnah beschreiben zu kénnen.






Chapter 1

Introduction

1.1 Problem

Rivers are important natural transport systems of both water and sediment. Sediment
transport occurs due to natural variation of discharge and human interference. For ex-
ample, hydraulic structures are built on rivers to decrease the risk of floods, produce
electric power, improve navigation and protect river banks. These structures disturb the
equilibrium of river flow and sediment transport and may result in considerable river bed
aggregation and degradation.

Among natural factors, floods play an important role in river morphological changes, be-
cause most of the sediment is produced by strong rainfall and transported during following
flood events. When overbank flow occurs in a river reach, sediment is exchanged between
the main channel and the flood plains due to lateral dispersion. Suspended sediment de-
position on the flood plains can cause great economic losses and serious environmental
problems. An important aspect in river management is to be able to predict sediment
transport, response of rivers in terms of morphological adjustment processes due to both
natural and human interference.

Numerical modeling of river morphological changes has been developed and advanced with
the progress in computer techniques in the last decades. Compared with physical models;
numerical models have advantages with regard to space, time and costs. Furthermore,
they are widely applicable and flexible, convenient for comparing alternative designs.

For simulating flow and sediment transport processes numerical modeling has been widely
used in hydraulic engineering practice. Many one-dimensional numerical models have been
successfully applied to simulate long-term changes in the morphology of long river reaches.
In order to provide more detailed information of morphological changes compared to one-
dimensional models, two-dimensional models are required.

Computational results of unsteady, two-dimensional open channel flow are greatly affected
by the accuracy and stability of the calculation, since the general equation of flow for
river channels is nonlinear. To describe two-dimensional sediment transport processes it is
desirable to develop a numerical model that can address the difficulties in computation of
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a two-dimensional flow field and can obtain two-dimensional river morphological changes
with acceptable accuracy.

For this reason a stream tube model has been adopted for simulating suspended sediment
transport in rivers with straight and curvilinear alignments. The applications for a stream
tube model are restricted due to the elimination of depth-averaged lateral velocities. A few
studies have been reported in the literature in which sediment particle transfer between
the main channe] and the flood plains was modeled during flood events.

In general, sediment transport models can be categorized into two types: those that sim-
ulate transport of uniform sediments and those that simulate transport of nonuniform
sediment mixtures. In the uniform sediment transport model, the sediments are char-
acterized by a single representative grain size. This kind of model is simple and is a
useful tool for qualitatively evaluating and predicting sediment transport. However, it
does not really describe the physical processes of sediment transport, since river bed
material mostly contains nonuniform sediment mixtures, more or less graded sediment.
Selective transport plays an important role in nonuniform sediment transport processes.
It has been found that due to selective sedimentation fine sediment is accumulated in
reservoirs and on flood plains, it may raise environmental problems when sediment par-
ticles are bound pollutants and they may be resuspended and transported during future
flood events. Available suspended sediment concentration for deposition, that relates flow
conditions, sediment inflow and particle fall velocities required for deposition, influences
rates of reservoir sedimentation and effective storage of reservoirs. Selective erosion results
in that sediment particles on river bed surfaces gradually coarsen, which may protect the
underlaying material from movement and decrease erosion in depth. Resistance to flow
and water depth vary with changes in friction resistance, as compositions of bed material
changes.

Some attempts have been made to develop sediment transport models for nonuniform sed-
iment mixtures to decribe selective transport and downstream fining. However, because
these physical processes are more complicated, the models still face the following difficul-
ties: (1) unreliable friction factor formulas, which affect predictions of the resistance to
a flow; (2) simplified sediment transport mechanisms, which cannot adequately describe
selective transport, downstream fining, the interaction between flow and sediment and the
exchange between suspended sediment and bed material.

To eliminate the first difficulty dedicated theoretical and experimental researches are
still needed. The present work focuses on the second difficulty. A new method has been
developed, which can describe selective transport and considers the effect of this process
on changes in grain size distributions of river bed material, e.g. downstream fining, and
changes in river morphology.
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1.2 Purpose of the work

The purpose of this work is to develop numerical models to describe suspended sediment
transport processes in rivers, including: :

e Develop and validate the two-dimensional suspended sediment transport models
for (a) uniform sediment and (b) nonuniform sediment mixtures to evaluate mor-
phological changes in rivers. Each transport model is coupled with a stream tube
flow model which provides essential flow parameters for computation of sediment
transport.

e Study the lateral exchange of suspended sediment particles between the main chan-
nel and the flood plains and derive a formula to calculate the exchange quantities
to improve the model’s ability to simulate morphological changes in rivers with
complicated geometries.

e Study the mechanics of sediment suspension and develop a method for the evaluation
of fractional entrainment (erosion) to describe the effect of selective transport on
sediment transport processes and on the river bed changes.

¢ Apply the models to predict river morphological changes due to sediment transport
caused by natural or human interference. This will provide a basis for the assessment
of the impacts of river drainage works, channel dredging and reservoir operations
on long-term river morphology.

1.3 Organization of the present work

The present work is divided into 5 chapters. The framework is shown in Figure 1.1

Chapter 2 briefly reviews the theory of sediment transport and numerical methods. Based
on a literature study, the reason for developing a new model and improving formulae for
selective sediment transport simulation is further explained. The numerical flow model
and transport models for uniform sediments and nonuniform sediment mixtures are given
in Chapter 3. The stream tube flow model is introduced in this chapter. Applicability
of a stream tube flow model for a natural river channel is also discussed. Based on Evers’
assumption [34] and experimental results [118] a formula for calculating particle dispersion
in the interaction zone is derived to consider the effect of overbank flow on dispersion at
the interface between the main channel and the flood plains.
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In this chapter, the relationships between selective transport and grain size distributions
of suspended and bed sediment are investigated. A formula for calculating the grain
size distribution of entrainment is derived using a probabilistic approach. The formula is
derived for equilibrium transport conditions. It can be used as an approximate method
for predicting fractional entrainment under non-equilibrium conditions.

In Chapter 4, the derived formulas for the lateral dispersion at/near the interface between
the main channel and the flood plains and fractional entrainment are tested using the
experimental data of James [58], Samaga [125] and the Tsinghua University [149]. The
flow and suspended sediment transport models for uniform sediments are calibrated using
field data in the Lauffen Reservoir on the River Neckar. The calibrated model is then
used for predicting changes in the river morphology for the next 50 years. In order to
verify the capability of the nonuniform sediment transport model to predict the effects of
selective transport and downstream fining, field studies are also made using this transport
model. As a special application of the uniform sediment transport model, the dispersion
of sediment particles between the stream and the groyne fields (dead water zones) and
deposition and erosion rates on the groyne fields are investigated.

Chapter 5 gives conclusions and recommendations for improving the models.

LITERATURE STUDY
(CHAPTER 2)

l

NUMERICAL MODELS MODEL TEST AND
(CHAPTER 3) APPLICATION
(CHAPTER 4)

Flow model
calibration |

Study on
river morphological
changes

| Study on
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1 stream and dead
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Sediment
dispersion
formula

| Uniform sediment |-

|| Non-uniform
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Study on effects:

| Fractional

* entr

elective transport
ownstream fining

| formuia

Figure 1.1: Framework of the present work.



Chapter 2

State of the art

2.1 Suspended sediment transport

2.1.1 Suspended sediment load

Rivers are a self-formed channel system. They carry rainwater towards topographic sinks.
During flow sediment erosion and deposition arise when the momentum of the water is
transferred to the solid boundary of the river. Therefore, the character and geometry of a
river are controlled not only by the hydrology, but also by deposition and erosion which
occur at all scales from local to basinal.

River water is rarely free of sediment, either at low flow conditions or at high flow con-
ditions such as a flood. Although floods are not common events, they are very important
factors for river morphology, because of increased sediment transport, sedimentation and
erosion duting these events. During sediment transport a fraction of the sediment may be
deposited on the flood plains or on the convex bank of bends in meandering rivers. The
transport of sediment by river flow is responsible for many environmental impacts.

Human interference can also change a river morphology. For example, above and below a
recently constructed dam the channel gradient will be changed (Figure 2.1). A portion of
the sediment load will be entrapped in the reservoir and consequently erosion may take
place below the dam and the original channel gradient will be reduced [131].

In a reservoir flow velocity decreases with increase in depth along the river. Consequently
the sediment transport capacity of flow also decreases and sediment deposition increases
in the flow direction. The grain size of deposited particles is reduced as the flow trans-
port capacity decreases, and as a result the median diameter of bed material decreases
in the flow direction [93]. Coarser grains, transported as bed-load, are deposited close to
the beginning of the backwater effect, in the far upstream region from the dam. Finer
grains, transported as suspended load, are carried far downstream to the dam (Figure
2.2). Deposition takes place if the suspended sediment concentration is larger than the
equilibrium concentration, C > C,. This equilibrium concentration varies with flow con-
ditions. As this concentration decreases along the flow direction deposition rate increases
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Original equilibrium grade

Aggradation
Degradation downstream of dam

Base level

Figure 2.1: River channel adjustment upstream and downstream a dam

whereas erosion rate decreases. The maximum deposition is found at where the bottom
shear stress is smaller than the critical shear stress for erosion, 7 < 7,g. In the middle

region, both sedimentation and erosion occur.

Suspended sediment

o Bed-load
Suspended load and bed material

concentration

grain size

Mixing deposition of bed-
load and suspended load

Exchange between the !
suspended material Settling basin

Equilibrium

concentration . -

M Selective sedimentation
Concentration C Ws < Wo
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Figure 2.2: Longitudinal development of sedimentation in a river with a constructed dam.

After Westrich, B. (1988) [167]
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Sediment transport can be classified as bed-load, suspended load or wash load based on
the type of transport. Particles transported as bed-load or as suspended load is dependent
not only on particle size but also on the local flow strength. This means that a particle
may be carried as bed-load in one reach and as suspended load in another section, where
the flow conditions are different (Figure 2.3).

I suspended load i

Wash load | bed-load

p (%]

10!
d [mm]

Figure 2.3: Sediment transport mode

In most rivers the suspended sediment load is the most significant in terms of quantity.
This may be due to the fact that non-cohesive fine sediment, such as silt and fine sand, has
lower critical shear stress of entrainment (erosion). Even at low flow suspended load almost
always exists. During typical flow conditions, such as during the long period between two
floods, suspended sediment concentrations greater than 0.1 kg/m> or more often occur
[120]. For example, average annual sediment concentrations are 0.05 kg/m? in most of the
rivers in Germany, 1.14 kg/m? in the Yangtze River and 36.9 kg/m? in the Yellow River
in China. Their maximum sediment concentration are 4.5 kg/m3, 10.5 kg/m?® and 590
kg/m3, respectively. In contrast, bed-load transport may contribute less than 1% of total
sediment transport in some streams. Obviously, studying suspended sediment transport in
rivers over the long period is important, The present research will focus on the long-term
suspended sediment transport in rivers.

Effect of turbulence on sediment transport

Turbulence is a random motion of fluid. It plays a very important role in sediment trans-
port. Turbulence can be described by statistical-dynamic methods. Kline et al (1967) [66]
and Grass (1971) [49)] studied the structure of the turbulent boundary layer. They di-
vided a turbulent boundary layer into two regions: a wall region and an outer region. In
the wall region flow is laminar and turbulence begins to develop. In the outer region the
turbulence is well developed. Kline found that the fluid in the wall region was organized
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into an array of streamwise high- and low-speed streaks. Periodically, at a fixed point, the
fluid in the part of a high-speed streak became lifted up and swiftly ejected on a steeply
inclined path into the outer flow, a process called streak bursting. Nakagawa and Nezu
(1981) [94] found that the streamwise spatial separation of bursts formed under certain
circumstance was two or three times the boundary layer thickness (Figure 2.4 b).

Grass (1971) [49] refined the concept of streak bursting in his experiment. He pointed
out that the bursting streak is a jet of low momentum fluid ejected from near the wall
into outer part of flow, determined not by the wall property but by the overall flow
properties [119]. The turbulence is anisotropic. The fluctuating velocity component that
is perpendicular to the wall is stronger than that parallel to the wall. So there exits a
pure outward flow of momentum from the wall toward the outer region of the turbulent
boundary layer.

Flow Flow
S —_

2-3
|+ boundary layer —=|

W\ thickness

Deposition

7 4 (Decaying
S burst)

~a

Boundary shear stress

Erosion

Figure 2.4: Turbulent boundary layers on the plane walls. a. Burst-sweep cycles of turbulence
and associated patterns of shear stress, deposition and erosion. According to Allen
(1983) [3] and Leeder (1983) [78]. b. Position of the interface between marked and
unmarked fluid showing the sweep-bursting may be controlled by the movement
past the bed of large horseshoe vortices of outer flow, according to Falcon (1977)
[35].

Streak-bursting is significant for sediment motion near the river bed. It has been proved
that the turbulence is responsible for particle suspension {29, 49, 139]. Turbulent eddies
penetrate the laminar layer and hit the bed resulting in particle suspension. It is clear that
turbulent intensity and the frequency of streak-bursting increases with the flow strength.
The amount of particles in suspension drawn into turbulent eddies and ejected into flow
by eddy bursts should also increase with the strength of flow. V

The interaction between flow turbulence and bedforms exerts a strong influence on the
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deposition and erosion processes {78, 100, 120] (Figure 2.5). Newly developed bedform
adds resistance to the flow creating local turbulent intensity. Turbulent flow increases the
sediment transport rate, while sediment transport has a damping effect on turbulence and
also affects flow separation and bedform development. The range, size and character of
bedforms are products of the balance between erosion and deposition at different points
at a given turbulent flow condition. The direct result of these interaction is a change in
the river morphology.

Double structure
of turbulence

Large - scale
vortices

b4

Mean flow Bursting
gradient motions

[
I

Turbul Suspended
urbulence sediment
generation /

i / Formation
y .
Fluctuations of of ripples

bed shear stress

Formation
of dunes

Irregularity
of bed surface

Figure 2.5: Relationship between the turbulent flow and sediment transport in open channel.
After Nezu and Nakagawa (1993) [100]

2.1.2 Diffusion and Dispersion of particles

Mass conservation

The general conservation equation describing the transport of pollutant or suspended
sediment for a control volume can be written as
ac

Efmvczamvzc (2.1.1)



10 Chapter 2: State of the art

where C is suspended sediment concentration, 4 is three-dimensional vector velocity at a
point and e, is molecular diffusivity, V is vector gradient operator and V2 is Laplacian
scalar operator.

Particle dispersion

Particle dispersion in a natural channel results from a combination of (Figure 2.6 b4.)

e turbulent diffusion (Figure 2.6 a. and b.);

e differential convection caused by transverse variation of longitudinal velocity, (due
for example to variable depths in a section, Figure 2.6 b2.);

e differential convection caused by centrifugal forces (Figure 2.6 b3.).

Mass Cross
Mass| Velocity. | diffusion / B
ispersion section

Velocity Mass Cross

distribution dc}lstgggslﬁ)%/ section

Mass
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di;
Vertical dispersion g j

bl.
Longitudinal
diffusion
only

b2.

Differential
convection
only

b3.
Differential
convection
with transverse
diffusion

b4.

Combined
effects
of bl. - b3.

Depth-averaged longitudinal and transverse dispersion

Figure 2.6: Dispersion in natural channels
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Diffusion in turbulent low In turbulent flow, the velocities and concentrations fluctu-
ate with time. Using Reynolds’ averaging principles to eq. 2.1.1 and according to Taylor’s
theory [39] that the particle diffusion due to turbulent convection can be represented as
a gradient diffusion process,

s%g— = —/C". (2.1.2)

The time-averaged convection-diffusion equation can be obtained:

0C  OC 9T 9C_0( 00\ o( aC\ 0 ( )\ ., g
T L 9z \* 3y 92 \* 8z o

e Gl T A W = o
at ox Oy 0z Oz
where the overbar denotes an average over a period T, the prime denotes the instantaneous
local deviations from the mean values over T, and ¢, €, and ¢, are turbulent diffusion
coefficients in z, y and z directions.

The molecular diffusion coefficient is of the order of 10~"m?/s and the turbulent diffusion
coefficient is of the order 10~3m?/s [123].

Diffusion due to turbulent convection in shear flow In a natural channel, Taylor’s
theory describes turbulent transport of momentum as

W = _st% (2.1.4)

where ¢; is the turbulent diffusivity for momentum transfer, e, = €,/0y, 0 is a ratio
of the turbulent viscosity, known as the Schmidt number. o, has been found to equal
approximately one.

According to Reynolds’ analogy Elder used von Kdrmdn’s velocity distribution and a
linearly varying shear stress in the analysis of vertical two-dimensional turbulent flows.
He obtained the averaged vertical turbulent diffusion coefficient:
K -
gy = ~6-u*h and e, >¢, (2.1.5)
Similarly, Rouse [122] suggested that particle diffusion is similar to the turbulent diffusion:

€5 = Bs&s (2.1.6)

in which g, is a factor of proportionality. 3, is discussed later.
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Dispersion due to differential convection in shear flow Taylor [143] investigate
the longitudinal mass dispersion due to differential convection for the cross-sectional av
erage concentration in a pipe. Based on his investigation, Elder obtained the dispersios
coefficient due to differential convection:

Dy = hem/ /y : / updydydy (2.1.7

where uj, is the deviation of the local depth-averaged velocity from the average valu
of section. Based on it Elder obtained the dispersion coeficient due to the differentis,
convection using &, = hu.s7 (1 ~ 1) and the logarithmic velocity distribution:

s 0.404

D) = e uh = 5.86u.h (2.1.8

where « is von Kdrmén constant, xk=0.4 for clear water.

Adding the pure turbulent diffusion in eq. 2.1.8, Taylor wrote
D, =DP 4 e, = 586u,h + g—u*h =5.93uh (2.1.9)

By using Elder’s longitudinal dispersion coefficient, the longitudinal dispersion of a cross-
sectional average concentration in rivers is considerably underestimated. Fischer {38] hy-
pothesized that in a natural river, the longitudinal dispersion of the cross-sectional average
concentration is caused primarily by transverse rather than vertical deviations of veloc-
ity from the cross sectional mean velocity. Similar to the derivation of eq. 2.1.7, Fischer
obtained the expression of longitudinal dispersion coefficient:

1 rz&* Zr

- 1 Zr
Dl' ha! - b dydydi 1.1
= Uy . WD, /ZL u,dydydy (2.1.10)

in which u] denotes the local deviations of the depth-averaged velocity, and D, is the
cross-sectional value of the transverse dispersion coefficient. For a straight channel without
secondary flow, Elder found D, = ¢, = 0.23 u,h.

Under the assumption that longitudinal and transverse dispersion due to differential con-
vection can be described as a gradient diffusion process, the expression of D, and D, can
be used in a horizontal two-dimensional convection-diffusion equation of mass or particle
transport. The longitudinal dispersion coeflicient can be assumed as a constant along the
river. For transverse dispersion coefficients there are three suggestions:
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(1) Assume a constant value along a channel [54, 183];

(2) use a constant value in a cross section, since variations in D, are smaller along a
cross section than along a channel [54, 74];

(3) use a value that varies both along the cross section and along the channel [171].

For uniform flow in a straight channel the term D, = ¢, = fu.h can fully describe the
transverse diffusion of mass where the transverse diffusion is only caused by bed friction
and B varies in a range of 0.1 - 0.23 [31, 73]. In an irrigation channel 3 varies in a range
of 0.2 to 0.3 and in a natural river it changes from 0.5 to 5.0 or more [74].

Secondary flow exists in rivers. In a river with curvilinear alignments or local irregularities,
e.g. river bend reach or river reach with compound sections. The secondary flow increases
the transverse mixing which is attributed to pure transverse convection and differential
convection along a cross section. It is reported that if the total transverse mixing is
described only by a transverse dispersion coefficient, this coefficient must be increased to
take into account the effect of pure transverse convection [36, 97].

For a river reach with a compound section, the mass and particle dispersion between
the main channel and the flood plains occur due to differential convection caused by
local geometric changes. The dispersion is related to the effective shear stress, Tps at
the interface between the stream and the flood plains. A lot of effort has been put into
studying such shear stress at the interface. Some of the results based on the different
assumptions and considerations for turbulent transfer of momentum are given in the
section titled 'Flood plan deposition’. The coefficient of sediment particle transfer at the
interface, Dy, can be obtained by using Reynolds analogy and the turbulent-Schmidt
number. The total transverse dispersion should include the pure turbulent diffusion (as
in eq. 2.1.9) and D,,,, [8, 54]:

D, :52+Dzmp (2.1.11)

Vertical distribution of suspended sediment concentration

The state of the particles in flow depends on their fall velocity and the turbulent intensity
of flow. Considering the balance of forces acting on the particle in the vertical direction,
it can be concluded that a concentration gradient exists in the vertical direction. The
concentration will be much higher near the bed and will decrease rapidly with increasing
distance to the bed.
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Schmidt (1925) [127] first suggested the governing equation for vertical suspended sedi
ment distribution in steady state flow: vertical net flux of particles must be zero every.
where. The downward flux due to gravity must then be exactly balanced by an opposite
diffusive flux:

d
Cuy +6,2 = ¢ (2.1.12
dy

where C'is a concentration; w;, is the fall velocity of particles and ¢, is a diffusion coefficient
for sediments. Various options have been suggested for the coefficient ¢,. According to the
assumption that sediment diffusivity is similar to the turbulent eddy diffusivity and the
Prandtl-von Kérmdn velocity distribution Rouse [122] obtained the expression of a vertical
particle diffusion coefficient, &, = Bu,y(l — ). Based on this relationship he described
the concentration profile as

h— <
v 2 ) (2.1.13)

C:Gﬂ(“y—ﬁt—a

where ( = 5:—’;: is an exponent showing the relative relationship of the gravitational and
turbulent effects, and a is a distance above the bed surface. The family of curves repre-
senting the values of = with y and @ = 0.05h and 8 = 1, k = 0.4 for various values of

Ei"d— is shown in Figure 2.7.
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Figure 2.7: Vertical distribution of suspended sediment concentration. After Vanoni
(1963)[156].
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Comparison with experimental and field data showed that the form of eq. 2.1.13 describes
the concentration distribution rather well and that only the exponent used differs from
the theoretical value ¢ cited by Graf [46]. Since turbulence and concentration affect the
fall velocity and von Kérmdn constant, the theoretical concentration distribution differs
from the observed if « for clear water and a constant value w, for still water are used. In
addition, the assumption of ¢, = ¢; with 3 = 1 does not take into account the difference
between the diffusion of fluid and the diffusion of a discrete sediment particle.
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Figure 2.8: Velocity profile for sediment-laden and clear-water flow. After Vanoni et al. (1960)
[160]

For the proportional value of §;, some previous investigators believed ¢, < ¢, (Bs < 1),
and suggested that because sediment particles are larger than the fluid particles, they
cannot fully follow the turbulent velocity fluctuations [17, 85, 87, 144]. This was verified
by Vanoni [158]. Others concluded &; > &; (8, > 1) and reasoned that the centrifugal
force acting on sediment particles would be greater than that acting on fluid particles in
a turbulent flow, which could result in the sediments being thrown to the outside region
of the vortices with a consequent increase in an effective mixing length and diffusion rate
[132]. Van Rijn [154] analyzed the flume experiment results of Coleman {27} and suggested
B=1+2(2) for 0.1 <2 <1.

Based on experimental work, Jobson and Sayre (1970) [59] concluded that the diffusion of
the sediment particle is due to the tangential components of turbulent velocity fluctuation



16 Chapter 2: State of the art

and centrifugal force caused by the curvature of a fluid particle path line, described by
€s = Bier + Beee. (2.1.14)

Diffusion due to the tangential components of turbulent velocity fluctuations appears to
be the predominant turbulent mixing process for fine particles, §; is less than or equal to
1 and §; decreases with increase in particle size. This implies that the smaller the particle
size, the closer are the transfer coefficients of fluid and sediment particles. Diffusion due
to the centrifugal force appears to be significant for coarse particles in flow with strong
vortex activity. The value of 8, can be assumed to reach a maximum value in zones of
most intensive shear, ahd increases with particle size.

It was found that the value of « in presence of sediment decreases with increase in sediment
concentration [30, 165, 157]. The experiment presented by Vanoni (1960) [160] (Figure
2.8) demonstrated that for the same discharge, the average velocity for sediment laden
flow is larger than that for the clear water flow. Vanoni (1963) [156] suggested that the
decrease in the value of x means that mixing is less effective and the presence of sediment
damps the turbulence, which was also investigated by Einstein (1954) {30] and Hino (1963)
[51].

Suspended sediment load According to the vertical distribution of concentrations,
the suspended load rate in weight per unit time and width, for a given particle size can
be obtained by:

h
qs=/ u-cdy (2.1.15)

where g, represents the suspended-load transport rate and h denotes the water depth. C,
denotes a reference concentration at a distance a above the bed surface (Figure 2.10).

2.1.3 Suspended sediment transport for uniform sediments
Critical shear stress for erosion (resuspension)

The criterion for initial instability of uniform bed grain was experimentally determined
by Shields in 1936 [130] ,which is represented by the relationship between the critical
mobility parameter
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(Figure 2.9). The critical shear stress in Shields’ curve is defined as the flow stage where
50 percent of the bed material starts moving. From Figure 2.9 one can see that the
critical mobility parameter strongly depends on the particle parameter. Sediments with

very small values of D* usually start moving in suspension from rest over the bed surface.

Sediments with larger values of D* are initially suspended from moving bed material,
which is transported as bed-load near the bed surface.

A lot of effort has been given to investigate the initiation of suspension based on the
different assumptions. A part of these research results are shown in Figure 2.9 and Table
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Figure 2.9: Critical shear stress for erosion and suspension. After van Rijn (1984) [154]

particle parameter, D,
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( Critical flow condition Author Comments
Oy = Vw'? > wy Bagnold Criterion: the vertical turbulent
(1966) 9] velocity is greater than the par-
ticle fall velocity
Uy or = OW, Hinze Vertical turbulent intensity has

(1975) [52]

the same order as the shear veloc-
ity u,. Critical condition: o = 1

Ueer =04, 10 < D,

(1984) [154]

U or = 0.25w, Engelund Criterion: o = 0.25 according to
(1967) [32] | the stability analysis
Uyer = 0.8W, Bridge with o = 0.8
’ (1981) [15]
Unyer = %’:ﬂ, 1<D,. <10 van Rijn | Criterion: the particle jumping

height of 100 particle diameters
observed in the experiment

Us,cr

Uaer 2.5 . U.d
= ey 12< 54 <0
Yo = 2.05; 70 < L4

Ws

Yang (1973)
[176]

o: standard deviation,
w,: particle fall velocity,

Uaert Critical shear velocity, uy e = 7,/p

Table 2.1: Critical flow conditions for sediment suspension

Erosion rate

Various formulae are available for calculating erosion rates. Generally the erosion rate is
represented as a function of flow and river bed material conditions. For uniform sediment
a total erosion rate is determined by using an equivalent diameter, usually the median

diameter.

Parchure and Ashish [104] suggested a formula for determining the erosion rate which is
related to the effective shear stress for erosion of fine and cohesive particles. The effective
shear stress is given by the amount of the bottom shear stress, 7, that exceeds the critical
shear stress for erosion, 7, . In other words, erosion occurs only when the bottom shear
stress is greater than the critical shear stress. The critical shear stress is given as Top =
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pu?,.. The ekpression of the erosion rate is then given by
E=k-(Teg—7), T>Top (2.1.16)

A power-law expression was used to consider effect of consolidation of cohesive sediment.
on erosion rate [6, 28, 71]

E: M(T::E ~-—1)" T > Te,E
0 T S Te,E

(2.1.17)

M is a parameter to be calibrated. M has the same unit as erosion rate and varies with
the critical shear stress [6]. It has a range of 1.6-107° kg/m2.s to 1.38- 1072 kg/m?.5 [90].
The value of n used varies between 1 and 4. This means that the erosion rate is not linear
with the effective shear stress, 7 — 7, 5.

Eq. 2.1.17 is available for calculating the erosion rate of fine cohesive sediments. It can be
also used for determining the erosion rate of non-cohesive sediments since this expression
includes the main factor, effective shear stress which dominates erosion.

Sedimentation rate

The sedimentation rate, S, is related to the reference concentration of suspended sediment
at a distance, a, above the bed surface, C,, the particle fall velocity, w,, and the bottom
shear parameter:

. WCa(l — <
g = WGl =73) TS Tas (2.1.18)

0 T 2 Tes

where, 7,5 is the critical shear stress required to initial deposition of suspended sediment
particles. Deposition occurs only when the bottom shear stress is smaller than the critical
shear stress 7. 5. Considering that the flow capacity for suspended sediment transport is
closely related to the energy of turbulent motion, the expression for the critical shear
stress 7. g is experimentally determined [169):

ps — p ghw,C
ps  TgU

Tes = (2.1.19)
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where Tk is an efficiency parameter related to the boundary condition, movable or non-
erodible boundaries, permeable bed and non-permeable walls. For non-erodible bed con-
ditions, a value of 0.0018 for Tk has been suggested by Westrich and Juraschek [169].

Many researchers have suggested that the reference concentration, C,, is a function of
hydraulic parameters and sediment properties. Some researchers have proposed that the
reference concentration is proportional to the bed-load rate within the near-bed layer,
using the assumption that there is a continuous exchange between the bed-load and
suspended-load [16, 29, 154]. The proportional coefficient can be determined experimen-
tally. Others believe that the reference concentration is related to the excess bed shear
stress or shear velocity [18, 19, 135, 177].

There are also several hypothesis about the concentration reference height, a. Some re-
searchers believe that a is related to the water depth, (¢ = 0.05h), the characteristic bed
roughness, (@ = k; [154]), half the bed-form height, (a = A [53]), or two grain diameters
(o = 2d [29]). Others supposed that o may be related to the effective shear stress with a
grain diameter and characteristic bed roughness [135].

2.1.4 Suspended sediment transport for nonuniform sediment
mixtures

Sediments in a natural river are non-uniform with the sediment gradation varying contin-
uously. For most river systems a pattern within downstream reaches containing more fine
sediments is often found due to selective transport. For example this pattern was found
at the Lauffen Reservoir on the River Neckar [88, 92], even though the sediments included
cohesive clay the entrainment of which may be limited by consolidation.

Selective transport.plays an important role in nonuniform sediment transport processes.
It affects the changes in river morphology by varying the compositions of bed material and
transported sediment. For several decades, considerable effort has been given to the study
of size selectivity in the entrainment and transport of nonuniform sediments for gravel
bed load [43, 44, 56, 82, 115, 140, 164] and fine suspended sediments [26, 86, 93, 174, 175].

Methods for calculation of fractional entrainment

Many approaches have be suggested for calculating the entrainment rate for sediment
mixtures (here some formulae for calculating bed load transport rates are also introduced
for comparison). To calculate the entrainment of nonuniform sediment both the amount
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and the graih size distribution of entrained particles need to be determined. Generally,
there are two methods to obtain these values: the probabilistic method (PROBM) and
the deterministic method (DETM).

Einstein (1950} [29] was the first to introduce the probability concept, in sediment trans-
port research and to use the concept to develop the bed-load and suspended-load formulae
for nonuniform sediment. He found that the hydrodynamic lift caused by turbulent flow
is attributed to the particle movement and entrainment. In a study on the armoring ef-
fects developed at the bed surface Gessler (1970) [44, 45] developed an incipient motion
model in which the shear stress fluctuations and critical shear stress were correlated. In
this model, Gessler assumed that fluctuating bottom shear stress can be described by a
Gaussian distribution and erosion occurs only when the instantaneous bottom shear stress
exceeds a critical shear stress. He defined the probability of the local shear stress, 7, not
exceeding the critical shear stress, 7, g, as:

T 1 L1 z?
rel— T e — d ol
el < 1) = [ exp(—y)da (2.1.20)

in which o is standard deviation of the shear stress fluctuation. For coarse material
o = 0.57. Considering a given sediment grain size fraction n, the probability that the
instantaneous bottom shear stress does not exceed the critical shear stress for erosion of
that size fraction of sediment mixture is represented by g;c,. Thus, (1 ~ gren) represents
the probability of local bottom shear stress exceeding this critical value, 7,,. If p, repre-
sents the percentage of size fraction n in the sediment mixture, the percentage of eroded
material for this size fraction n at the cross section considered can be defined as

fn (1 - Q‘rcn)pbndn

P, p = ~lmin , 2.1.21
wF ::,:x (1 - QTcn)pbndn ( )
The grain size distribution of the armor coat can then be defined by
fn . GrenDendn
P, 4 = “Pmin STV 2.1.22
" :nr:?,x Q'rcnpbndn ( )

where nygz and numin denote the maximum and minimum grain size of a mixture, respec-
tively, and py, is the percentage of grain size fraction n on the bed surface.

Based on the sediment-mixture experiments of Yen (1988) [181, 182}, Hsu and Holly (1992)
[56] suggested that the percentage of a given grain size fraction in the transported material
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is proportional to the joint probability of two factors: the mobility of this size fractior
for the prevailing hydraulic conditions and the availability of this size fraction on the be¢
surface. The availability of a given size fraction n on the bed surface is represented by py,
They used the same assumptions as Gessler. In their model the grain size distribution of
the eroded material is given by

Pup= e GrenPon ,
2 lITcnpbnd(D )

min

(2.1.23)

where Dyay and Diyin are the representative diameters of the largest and smallest size
fractions, and g, is the probability of the local shear stress exceeding 7., expressed by

Ten
ren{— e 2.1.24
¢ (T >1 \/_7ro /-m 1 )dx ( )

Similarly, Li suggested a formula to describe the sedimentation and erosion for sediment
mixtures considering fluctuating velocity of turbulent flow (cited by Zhou [185]). In ad-
dition to use the probability theory to take into account turbulent flow properties in the
previous examples many deterministic methods have also been developed to calculate the
entrainment rates for nonuniform sediments. Based on field and flume data, Samaga et
al. (1986) [124, 125] and Holtroff (1983) [55] introduced some modifications to Einstein’s
method. Swamee and Ojha (1991) [141] studied the properties of grain-size distribution
curves and extended the formulae for calculating transport rate for uniform sediments
to the nonuniform sediment mixtures. Some researchers directly apply the formulae for
uniform sediment to the caleulation of nonuniform sediment transport [116]. Table 2.2
summarizes some of the formulae presented here.

A variety of sediment transport formulae are available. Vanoni (1975) [159] used several
formulae to predict sediment transport on the Colorado River and the Niobrara, River.
He found large differences between the estimated sediment discharges. A given formula
predicted sediment discharge adequately for one river, but very poorly for the other river.
Yang and Molinas (1982) [177], Shen and Hung (1983) [129], van Rijn (1984) [153, 154]
and Nakato {1987, 1990) [95, 96] also compared predicted and measured flow and sediment
data in natural rivers. They all concluded that a few formulae could predict the sediment
discharge reasonably well for the flow conditions tested but that all the other formulae
were found to over- or underpredict the sediment discharge. It is extremely difficult to find
one formula that is widely applicable. The selection of formulae for predicting sediment
discharge in movable-bed rivers must be related not only to the physical phenomena of
interest but also to the range over which the selected formula is valid [96].
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Tabelle 2.2: Formulae to determine entrainment rates for
nonuniform sediment mixtures

The explanation of symbols used in Table 2.2 are listed in the following.

CuimiLi

d;
Ila [2
M

N
Py

Prij
Pui

Psi
Py

q(7)
QBi

45
Qs:

qs
qr
T
i

the concentration distributions for the lower, middle and upper zones in
Toffaletti’s method,

grain size diameter for size fraction i,
integrals from Einstein,

Kramer’s uniform coefficient for a sediment mixture, M = [0.17690, + 1]~
M = 0.840;1%,

interval number,
proportion of time kth shear stress interval is active,

volumetric proportion of grain size fraction i and mineral density j on the
surface (or in the active layer),

volumetric proportion of grain size fraction i on the bed surface (or in the ac
layer),

percentage of erosion rate for size fraction i,
transport parameter,
probability that particles of grain size fraction i will not be removed,

fractional bed-load per unit width and time calculated by a formula for unifc
sediments,

bed-load per unit width and time,

fractional suspended load per unit width and time calculated by a formula
uniform sediments,

suspended load per unit width and time,
total load per unit width and time,
slope of a stream,

water temperature,

hiding factor,
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[ ‘transport rate function,

v shear intensity parameter.

Tg geometric standard deviation,

oy standard deviation,

T grain shear stress for nonuniform sediment

The total sediment transport includes the bed-load and the suspended load. Bed-load
transport is saturated sediment transport, whereas suspended sediment transport is un-
saturated. The continuity equation of total-load transport is:

Gy + Gy) 0z OhC
— T =p, =+ — 2.1.25

oz TR (2.1.29)
where G, and G are transport rates for bed-load and suspended load, respectively. The
difference between these two kinds of transport loads can be understood by comparing
their continuity equations of sediment transport. The continuity equation for fractional
bed-load transport is

6Gbn___ _6_?_/2
o Prer

(2.1.26)

Gon = f(h, T, Ten,  dny V5, Y, 9) (2.1.27)

The river bed changes, sedimentation and erosion, are included in the value Ay, which is
determined by the difference in transport capacities between two adjacent sections. The
sectional transport rate is related to the flow and bed conditions. A positive value of Ay,
indicates sedimentation and a negative value of Ay, indicates erosion. The mass balance
of the control volume between two adjacent cross sections is used for calculating the bed
change within Az, by summing sedimentation and erosion. For a fractional erosion the
transport rate is limited by the mobility and availability of bed material of a given size
fraction, which depends only on the local flow and bed conditions.

However, suspended sediment transport is unsaturated, fractional entrainment (erosion
rate) is not only related to sediment inflow and outflow and the mobility and availability of
bed material, but also to suspended sediment concentration. Sediment deposition depends
on the sediment fall velocity and the suspended sediment concentration near the bed
surface. The continuity equation for suspended sediment transport is expressed by:

9Guwm _ OWCn Oy

£ 5t PP

(2.1.28)
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OYn,

Pp T _(Sn - En) (2.1.29

The concentration and the sedimentation rate must be determined by the convection
dispersion equation of suspended sediment transport. Obviously, the fractional entrain.
ment can not be determined using the method for bed-load transport. As pointed out
by Rahuel et al. (1989) [116], in some earlier efforts, the lack of success in modeling the
sediment transport processes could be related to over simplified treatment of sediment
transport. Considering effect of turbulence on sediment transport, Nezu and Nakagaw:
(1994) [100] stated that ’the classical stochastic model and its extension formula cannol
be universally applied to rivers carrying suspended sediment. Their weakness is that they
do not incorporate modern turbulence knowledge. The random character of the motion:
of sand particles is regarded as more significant than the flow in such stochastic models
As a result, they are not based on the mechanics of turbulence but use only the conti-
nuity equation for sediment transport and the parametric probability density functions
In this sense these stochastic models are not hydrodynamic model, but are really only
kinematic models.” The present work will derived a new method to describe nonuniforrc
sediment transport process bases on probability theory. It relates fractional erosion of 2
sediment mixture to (1) the turbulent flow condition, (2) the joint probability of mo-
bility and availability of bed material to entrainment and (3) the suspended sediment
concentration.

Sediment exchange near the bed surface

In sediment transport, exchange between transported sediments and river bed material
occurs when the bottom shear stress exceeds the critical shear stress. To describe the
exchange one usually divides the bed into several horizons according to the moving manner
and position of sediment particles (Figure 2.10) [4, 10, 12, 77, 105, 116, 121, 133, 152].

(1) Flow zone, in which the suspended load is transported along with water flow;

(2) Bottom layer, in which bed-load is transported. In this region the particles move
mainly by rolling and sliding.

(3) Active layer, from which sediment particles may be entrained into the bottom layer
or the flow zone as suspended sediments. Because of the existence of exchange
between the bottom layer and this layer, it is also called the mixing layer in some
models;
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Figure 2.10: Definition sketch, suspended sediments interacting with losse bed

(4) Parent layer, beneath the active layer. The bed material in this layer is not involved
in transport calculations in the current time step, but supplies the material to the
active layer to which the calculation may refer;

(5) Immobile layer, in which bed material is not eroded in the flow transport process.

Moving particles in the bottom layer can enter the flow at the interface between the
bottom and the suspension layers, i.e., bed-load and suspended load layer. Although in
reality it is hard to position this interface, it is useful to define a boundary between the
bed-load and suspended load layers for numerical calculation.

The parent layer may need to be further divided into layers if the bed material is mixed
with partial cohesive clay. This is because the compaction and consolidation of cchesive
sediments varies with depth under the bed surface and age of the deposited sediments.
The compaction and consolidation influence the cohesive sediment entrainment [90, 106,
145, 148, 106}.

Rahuel et al. (1989) [116] used the concept of the mixing layer in their fractional bed-load
transport model to deal with the effects of sorting and bed armoring. They used a hiding
factor to correct the overestimation of entrainment of fine bed material. The sediment
exchange between the particles in the bottom layer (transported bed-load) and mixing
layer is considered only in the current time step of calculation. The material exchange
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between the mixing layer and the underlying parent layer depends on the difference in th
thickness of the mixing layer, T,, and the erosion thickness, F,. When T, < E,, some o
the underlying layer material will fill the mixing layer. Conversely, when T, > F,, som
of the mixing layer material will appear in the underlying layer. Such a mixing layer has
quasi fixed upper boundary at the bed surface and a moving lower boundary. Its thicknes:
is determined by flow conditions and the grain size distribution of bed material. This kinc
of model has been widely used [12, 13, 14, 60]

Rahuel et al. {116} stated that the mixing layer thickness is strongly dependent on th
time scale considered. For short time scales, the mixing layer can be thought of as a thii
surface layer, in which particles are susceptible to entrainment into the flow due to thi
fluctuation of the bed shear stress. For longer time scales, the mixing layer can be treatec
as a zone of bedform movement (dunes and ripples), or a layer of eroded or depositec
material.

Silvio, G. D. (1991) [133] proposed a four-layer model for total load transport calculation
He defined the four layers as: water stream, bottom layer, mixing layer and intrusior
layer. The last two layers correspond to the active layer. He reasoned that since thi
surface of gravel rivers has a coarser composition than the material underneath, the com
position of transported material should be related to that of the material beneath unde
non-equilibrium transport condition. An alternative method is to consider a hiding anc
exposure effect. He concluded that this method may be more useful for the study o
sediment transport of widely graded sediment mixtures.

The height of the bottom Jayer is usually defined as a proportion of the water depth, e.g
0.05h, or as a thickness of transported bed-load [154]. The height of an active layer i
generally related to the thickness of bedforms [53, 77], the representative diameter of bec
material [14] or the critical shear stress for erosion [152].

&

2.1.5 Flood plain sedimentation
Interaction between the flow in the main channel and on the flood plains

When overbank flow occurs in a channel with compound cross-sections, the flow velocit;
in the deeper main channel will be significantly different from that on the shallower flooc
plains. This yields strong interactions between the flow in the main channel and the flooc
plains. Momentum is transferred from the main channel to the flood plain. It results in
decrease of the velocity in the main channel and an increase of that over the flood plain:
and generates turbulent shear at the interface. In the interaction zone there exist vortice
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with longitudinal axis, called secondary currents observed by [2, 40, 112, 114, 138, 134,
142]. In trace experiments Wood and Liang (1989) [172] observed that the tracer moved
either onto or off the flood plain. Imamoto and Ishigaki (1992) [57] demonstrated this
phenomenon by using the visualization technique. These secondary currents are driven by
the anisotropy and inhomogeneity of turbulence [147].
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Figure 2.11: Secondary current vectors. After Tominage and Nezu (1991) [147] (experiment)
and Naot et al. (1993) [99] (computation). a. hy/hy = 0.5, Fmaz = 1.24. and b.
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At the interface between the main channel and the flood plain, the turbulent shear stress,
Tz, generated by the difference in velocity between the main channel and the flood plain
can be described by the Reynolds shear stress formula as follows

Tew = = pE—. (2.1.30)
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The turbulent diffusion coefficient is usually related to a horizontal length scale and the
velocity which may vary across the shear layer [2]. It can be expressed by

U — )
Tax = = PEmp mB Up_. (2.1.31,

An expression to determine ¢,,,, was suggested by Evers (1983) [34], in which the difference
of velocities between the main channel and the flood plain, u,, — u,, is taken as a velocity
scale and the width of the interaction zone, By, as length scale. Then, the turbulent
diffusion coefficient & has the following form

£ 2 K (U — B, 2.1.32
p

where £ is a proportional factor. Under the assumption that 7., has a linear distribution
in the lateral direction, integrating the above equation on the x-z plane the turbulent
shear stress, 7,4, can be obtained

Toom = 20K (U — Up) |t =~ Wy}, (2.1.33)

For practical application, the coefficient  is experimentally suggested as 0.01 by Evers
and proposed as 0.01-0.02 by Kohane (1991) [67].

Other investigators have proposed expressions of the turbulent shear stress, some of which
are tabulated in Table 2.4.

Ogink (1985) [103] used a two-dimensional flow model to determine the discharge in the
main channel and in the flood plains using different values of 7,5, including the expressions
of Nicollet, Evers, Rajaratnam and Ahmadi, Hanxiang and Konemann. He found that for
%’: < 8 the results calculated by Nicollet, Evers and Kénemann are in good agreement.
To obtain a similar distribution of discharge for the river and the flood plain using the
formula of Rajaratnam and Ahmadi a smaller value of Tmp should be used. Xie’s results
deviate slightly from Evers.

The theoretical curves of the turbulent diffusion coefficient, &y, in the interaction zone
for a turbulent flow according to Ashida et al. (1988) [8] are shown in Figure 2.12, in
which the ¢ is the diameter of cylindrical wooden rods used to simulate non-submerged
vegetation roughness on the flood plains. It can be seen that the maximum value of &,
occurs at the interface between the main channel and the flood plain. £, is much larger
than the pure transverse turbulent diffusion coefficient, €;. At the interface, Emp increases
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Expression Investigator

TeeT = 2p8 (Um — Up) |Um — Up| Evers 1983 [34]

T ¢k (B — p)/ (hp — Pipo) Kénemann 1980 {68]

(1 a3)25e ~ my(1 — a3) 55 Nicollet and Uan 1977 [101]

ag = 0.9(sthy,/sthy)s

0. 15( ~1)2 7 Rajaratnam 1979, 81 [117][11§]

0.874(um — ) (52) 7120 (52) Prinos and Townsend, 1984 [113]
2 7+1(u ul) Xie 1980 [173]

H* = gt 7= f(C)

C: Chezy coefficient

Table 2.4: Expressions of the turbulent shear stress

4 3 2 1 1 2 3 4 ,

Main channel Flood plain b

Figure 2.12: Dispersion coefficient at the interaction zone between the main channel and the
flood plains. After Ashida et. al. (1988) (8]

with the ratio of the flood plain height and water depth on it. In the interaction zone,
emp decreases exponentially with increasing distance from the interface.

The total transverse diffusion coefficient at the interface of the main channel and the
flood plain contains contributions of two terms, €, caused by pure transverse turbulent
diffusion and e, due to the interaction between differential velocity and longitudinal
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turbulent diffusion.
Er = €4+ Emp (2.1.34

thus, 7,, should be written as

ou
Tow = p(E4 + 5”‘”)55 (2.1.35

Yen (1985) [180] derived a quasi-one-dimensional method for backwater computation in ;
compound channel. He used the continuity and momentum equations for the main channe
and the flood plains separately and took into account the effect of the lateral discharg
and interfacial shear stress between them. Based on his experimental results, he conclude
that the effect of interfacial shear stress on the backwater profile is insignificant compare:
to the effect of lateral discharge. The lateral diffusion coefficient has a range of 10~2 t
1078 ft*/s. Kohane [67] predicted the effect of the interfacial shear stress on the backwate
profile for a 32 km reach upstream of the River Neckar using Yen's method. Comparing th
results with a one-dimensional model, he found that the water surface calculated by Yen’;
method was higher than that calculated by the one-dimensional model. The maximun
difference between them is at the sections with large changes in cross-sectional geometr
or strong diverging flow. He concluded that in these cases the computation of a wate
surface by a one-dimensional model was not accurate enough. A one-dimensional multipl
strip model should be used, even though this model requires a great computational effort

Pasche [107] and Alavian [2] developed k — ¢ models (two-dimension) to describe thi
exchange of momentum and mass between the main channel and the flood plains. Paschi
found that the non-dimensional lateral depth averaged diffusion coefficients, defined a

-, are very different in the main channel and the flood plains, Figure 2.13.

Few attempts have been made to determine the transverse dispersion coefficients of sedi
ment particles between the main channel and the flood plains. Rajaratnam and Ahmad
[118] suggested that the value of ¢, in the interaction zone over the flood plain can b
described by

Es - 03(%1;1 - 1)3
hp : (Um - 'pr) [Lu—rszﬂz(um - UIJ)}2

A (2.1.36

and
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Figure 2.13: Bottom shear stress distribution in a compound section. After Pasche (1985) [107]

Fi T
A=20 L = 0.15(4= — 1)F(n)

where '7‘:;1 is the ratio of water depths between the main channel and the flood plain, u,,
and u, are velocities of the main channel flow and undisturbed flood plain flow, A is a
function of 1, n = g—', and b, is the length of the interaction zone on the flood plain,
by = 2’ = 0.64(hsm — hy) where (T — Tooo)/ (Tom — To0e) = 0.5 [7]. T, Tom, and Toe are the
bottom shear stress within and beyond the interaction zone on the flood plain and at
the interface, respectively. In the main channel, the length of the interaction zone can
be determined using by, = 3.78(hm — hy). Rajaratham’s expression is not well suited for
numerical modeling since it includes a function which has to be obtained from figures.

Many experimental results have shown that the interaction between the main channel
and the flood plain flow significantly affects the transverse dispersion, and consequently
lateral transport resulting in the sediment deposition on the flood plain. Therefore, it is
desirable to derive an expression for the lateral diffusion coefficient in the interaction zone
of the main channel and the flood plain. In the present work, an attempt is made to derive
a method to evaluate such a diffusion coefficient. It will be presented in detail in Chapter
3.

Sediment deposition on flood plains

Overbank flow results in a transfer of mass, momentum and energy between the faster
flow in the deep main channel and the slow flow on the shallow flood plain. On the flood
plains transport capacity diminishes due to lower velocity and increasing flow resistance,
and sediments rapidly settle [111].
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The sediments deposited on the flood plains are generally finer than those occurring
close to the active channel [120]. Flow patterns and deposition rates depend on the flooc
plain topography and vegetation {65]. Vegetation on the flood plains enhances deposition
The deposition rate and amount are of great environmental significance since sedimeni
bound pollutants can be deposited and accumulated on the flood plain and they may b¢
resuspended and transported during flood events {84].

The sedimentation rates calculated by different methods range from 1 millimeter to :
few centimeters per year. Measured sedimentation rates over 35-year period in southerr
Norway, were between 0 - 10 mm per year for the Culm River, and between 3 and 40 mn
per year for the Severn River. For both cases, the greatest deposition occurred near the
channel {161]. Obviously, there is considerable variation in the lateral sedimentation rat¢
on the flood plain.

According to an analysis of river flow records, Leopld and Naddock (1953) [79] suggestec
that bankfull discharge had a recurrence interval of about 1.5 years. Overbank flow car
therefore be expected to take place with about the same frequency. Because channel anc
flood plain sediments are distinctly different, this point on the magnitude-frequency plo
is very significant. This means that for any river the channel geometry is adjusted tc
cope with floods of moderate magnitude with the same frequency. It has been proved that
the formation of channel geometry is controlled by bankfull flows. The bankfull flow i
frequent and powerful enough to erode banks and river beds. Floods have almost little
effect on the channel form, as they rarely occur and overbanking flow greatly reduces the
flow power to erode the river bed and the banks [80)].

In fact, a flood plain represents a balance between the erosion energy and the alluvia
resistance {98]. Leopld and Naddock suggested a general theory of flood plain formatior
related to both deposition on the flood plain and lateral bank erosion [80].

2.2 Model research situation

2.2.1 General remarks

The numerical simulation of sediment transport processes in river channels is an important
tool to see how the channel characteristics and morphology respond to change caused by
natural or human interference. The main objects of the simulation of sediment transport
processes are shown in Figure 2.14. They involve: simulation of changes in river morphol-
ogy, description of the effect of selective transport on the sediment transport process and
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assessment of the impact of river drainage works.
Flow model
Water surface .
. Flow resistance
Flow velocity, Bottom shear
Sediment transport model
Suspended Bed load
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Figure 2.14: Framework of sediment transport modeling

In the past 30 years, modern computational techniques with enhanced computer capacity
have rapidly advanced sediment transport modeling. Considerable effort has been given to
develop numerical methods for simulating sediment transport processes in river channels.
Different numerical models have been suggested. These models can be classified according

to

(1) numerical method: finite differential method (FFM), finite volume method (FVM),
finite element method (FEM), characteristic method (CM);
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(2) dimension: one-, two-, three-dimensional models and quasi two- or three-dimension:
models (multiple strip model and stream tube);

.

(3) physical properties considered in the problems: two main classes in particle transpor
models: particle dispersion and sediment transport. The later can be further divide
according to different transport loads (bed, suspended and total load) and/or diffes
ent methods for treating bed material (uniform sediment and nonuniform sedimer

mixtures)

The selection of computational methods is usually connected with the selection of th
model dimensions, and the model dimensions closely relate to the problems.

One-dimensional numerical models have been extensively applied to simulate long
term river morphological changes, such as aggregation and degradation upstream an
downstream of reservoirs. Most of the simulation for sediment transport in rivers used one
dimensional models because of their shorter calculational time, lower cost and small dat
requirements. One-dimensional numerical models are usually sufficient, but they only giv
sectional averaged bed elevations. If more detailed information about river morphologic:
changes are needed, two or three-dimensional models are required.

A frequently applied computational method for one-dimensional problems is the FDM
FDM may be explicit or implicit. An implicit scheme is unconditionally stable, so onl
the accuracy should be considered. An explicit scheme is conditionally stable and mus
satisfy the Courant criterion, At < %—’-, where c is the shallow water wave velocity, whic
is equal to ¢ = \/gh+U. Generally, using the implicit scheme a longer time step is allowec
whereas using the explicit scheme the time step is limited by the Courant criterion [128

Two- and three-dimensional models are also known as horizontal and vertical mod
els, respectively. Two dimensional depth-averaged flow and sediment transport model
(horizontal modelé) have been widely developed for simulating river bed changes at rive
confluences and sediment deposition in reservoirs and lakes. Three-dimensional model
are used for investigating the detailed changes at important positions. However, only
few studies based on the three-dimensional calculations have been reported because ¢
the complicated mathematics and expensive computer time required.

Frequently used computation methods include FDM, FVM and FEM. The basic approx
imation principle of finite-difference and finite-volume methods is the same. In the finit
different method differential quotients of a differential equation are directly approximatec
In the finite volume method, differential quotients are integrated over a control volume
In FVM, the calculation domain is divided into a number of non-overlapping control vo
umes, surrounding each grid point. Through integrating the differential equation over
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control volume a conservative discretization equation is obtained, which contains the value
of unknown variables for a group of grid points [109].

In the FEM the unknowns are approximated on the basis of nodes which are connected
to each others by means of an element. Inside the elements the values of the unknown are
evaluated by interpolation. Since the governing differential equation will not be met by
the interpolated unknowns everywhere, a local residue occurs. By applying a weighting
function and integrating over the volume of the element the residue inside the element is
redistributed to the nodes. The sum of the weighted and integrated residues of all elements
solved by a node must equal zero. Different choices for the functions of interpolation and
weighting lead to different sub-schemes of the FEM such as the Galerkin method or the
Petrov-Galerkin method [128].

The FEM is very flexible with respect to combining different element types such as tri-
angles and quadrilaterals to unstructured grids, so irregularly shaped domains can be
approximated by the method. In principle, this is also possible using the VM. The most
important disadvantage of the FEM is that mass-balance is not met locally, whereas the
FVM is strictly conservative. Furthermore the derivation of equations is easier in the FVM
than in the FEM.

Multiple-strip models and stream tube models are intermediary classes of models
between the one- and two-dimensional models. In these models a river is divided into
several parallel strips according to different principles. Multiple-strip models are generally
used for simulation of water surface for overbank flow and deposition on the flood plains
during flood events. Therefore they usually include three strips, one for the main channel
and two for the flood plains. In stream tube model a river channel is divided into a certain
number of stream tubes that have an equal portion of discharge. No flow is allowed to
cross into the adjacent stream tubes. Hydraulic parameters and particle movement are
simulated for each stream tube.

Quasi two-dimensional models consist of a stream tube flow model and a two-dimensional
suspended sediment transport model. The stream tube flow model provides a quasi two-
dimensional flow field. Based on this flow field two-dimensional phenomena of sediment
and pollutant transport and can be described approximately.

The convection-dispersion equations of suspended sediment transport (or pollutant trans-
port) used by the different models are summarized in Table 2.5.
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Dimen-| Flow |Sediment Convection-dispersion equation
sion | model tr:’gs&“ Problem | Method of suspended sediment transport
1-d open 8¢, Bec_ 8¢ 8c, £
td 1d chanlx)xel FDM |5} +u8x ax(DLax)+E S
. 1-d open
Multiple channel with LI 8 gc
strips compound FDM 5 +u5% "6 X J)+E-S
section
a°+ue—°——(Dx ) +E-§
Multiple ax 9x
stream FDM (for each stream tube)
tubes e o
1-d open 2t Bt
channel mzhuax ex(m hD"ex
with
compound dc__ 8 2.4 8¢ _rt ’
section Bx” Bx (myh UDz’aT]C) . e —fz myhudz
L
2-d
shallow m, m, 8he 8he amxuhc 8m,vhe
quasi | Multiple | | flow: lake | ppm sc ?nt g)c( 9z
stream 53 SCLE
2d tubes FVM TBx my "ax) az(m bD; )+E s
dhc duhc 8vhe
S Ths =an Mgy 5 D T
2-d shallow | FDM | ghe guhc 8vhe_ 8¢ ¢
24 2d flow: | FvM |G+ g =5y (MDigy ) o (WD, )
lake & | pppm
estuaries

¢ = concentration;

u, v = velocities in longitudianal and transverse directions, x and z, respectively;
h = averaged water depth;

m,,m, = metric coefficients in x and z directions;

D, , D, = dispersion coefficient in longitudianl direction;

D, = dispersion in transverse direction;

S,E= deposition and erosion rates.

Table 2.5: Convection-diffusion equations used by different models

2.2.2 Overview of present models

In the past decades, many numerical models for the simulation of sediment transport in
river channels have been developed. Some well-known models are given in the Table 2.6
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Problem
Author Model Year | Load changes| [ocall widih _1bend |Consa- imension
in bed ation|effect!lidati pollution
level |Scour|variation|eftect|lidation
U.S. Army 1977 | Total
Corp of HEC-6 v
Engineers 1990 | (nonu.) Id
Chang FLUVIAL-11 | 1976 | Bed
& Hill 1082 |wony| ¥ |V | V|V ld
Holly et al. | BRALLUVIAL 1985 | Bed % 1d
CHARIMA | 1990 | (nonu.)
Nickerk | MIDAS |1992 Eggpfg‘ Y 1d
(nonu.)
Yotsukura 1976 Susp. 2d
& Sayre () v/ orthog. c.
Bed &
Zegleretal.| SEDZL 1986 | Susp. | V' v 2d
(nonu.)
Molinas GASTARS 1986 | Total stream
& Yang (nonu.), I A tube
Bed & o
Leeetal. | UGASTARS |1997| Susp. | V' quasi 2d
(nonu.) orthog. c.
quasi 2d
Luk & Lau | MABOCOST | 1987 | Dye v | orthog. c.
*
L 1990 | D quasi 2d
a ye v orthog. c.
Alavian 1987 | Dye N4 quasi 2d
orthog. c.
Susp. Suspended
u. Uniform sediments
nonu. Non-uniform sediment mixtures

orthog. c. Using an orthogonal curvilinear coordinate system
Variable length element

*

Table 2.6: Selected existing models

One-dimensional models The HEC-6 model was developed by the U.S. Army Corps of
Engineers in 1977, and refined in 1990 [146, 150]. It includes a steady-state hydrodynamic
model and a transport model for total sediment load. The finite difference method with a
6-point iterative finite difference scheme is used to solve the sediment continuity equations.
Nonuniform sediment properties and armoring effects in sediment transport processes are
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taken into account. A wide gradation of sediment grain sizes from clay to gravel ar
included. For sediment routing it provides three transport relations to be selected.

FLUVIAL model was developed for water and sediment routing by Chang and Hill (1976
1977) [22, 23] and Chang (1982, 1987) [20, 21]. The model includes river bed sedimentatior
and erosion, width variation, and changes caused by the curvature effect. The last twi
terms are closely connected with changes in river morphology because of an interrelatios
between changes in channel width and channel-bed profile. The concept of minimun
stream power is used to determine river width changes. After the banks are adjusted
the remaining change in area is distributed to the river bed. For an aggregating section
deposition is assumed to build up the bed in a horizontal layer. For a degrading section, thi
change is assigned in proportion to the effective tractive force, 7 —7,. The water routing i
assumed to be uncoupled from the sediment process. The FDM is used as computationa
method.

The models IALLUVIAL (1982) [61], CARICHAR (1989) [116] and CHARIMA (1990) [53
were developed by Karim, Rahuel, Holly et al. at the institute of Hydraulic Engineering
Iowa in the last twenty years. These models describe the bed evolution of branched anc
looped channel systems. A Preismann’s finite difference approximation was used in the
solution of the sediment transport equation. Armoring effects were considered in these
models. In the model CARICHAR, the concept of a mixing layer was used to treat non-
uniform sediment mixtures and a hiding factor was introduced for bed-load transport
The flow and sediment transport equations are solved through a fully coupled, implicit
finite difference scheme. It takes into account the interaction between flow hydrodynamics
and sediment transport processes.

Another one-dimensional model was developed by van Niekerk, et. al. (1992) [152] tc
simulate river bed changes within a relative straight, non-bifurcating alluvial channel.
The model includes density and size sorting of bed-load and suspended load for sediment
mixtures. In the ntodel the hydrodynamic model and the sediment transport model are
uncoupled during each time step. Flow depth and velocities are determined from the
gradually varied flow equation using the standard step method for backwater calculation.
The transport of particles in suspension is modeled by a convection-dispersion sediment
continuity equation, either explicitly solved by using the Rouse equation, or implicitly by
using a finite-difference scheme. The vertical sediment distribution of the suspended load
is computed in analogy to a parabolic distribution for momentum diffusion. A modified
Bagnold formula {16, 33] was used for the determination of the bed load transport rate for
each size-density fraction. The percentage of transport rate for each size-density fraction
is calculated according to the efficient bottom shear stress, the difference of instantaneous
bottom shear stress and critical shear stress.
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One dimensional multiple strip model The one dimensional multiple strip model is
an expansion of the one dimensional model. It is used for simulating water and sediment
routing of a river channel with compound cross sections. Traditionally, the main channel
and the flood plains were treated together as a single composite channel in computing
backwater profiles of a flood flow. Yen (1984, 1985) {179, 180] developed a new quasi-
one-dimensional backwater computation method that treated the main channel and the
flood plain separately and considered lateral mass exchange, turbulent shear stress at the
interface between the main channel and the flood plains and different bed roughness across
the channel. His calculations showed that if the ratio of the flow depth in the flood plain
and the main channel was smaller than one-half, the backwater profiles calculated by his
new method differed from those generated using traditional methods. This difference was
noticeable when the difference in bed roughness between the main channel and the flood
plains was large and the width of the main channel was smaller than that of the flood
plain.

Based on Yen’s method, Kohane (1991) [67] developed a one-dimensional multiple strip
flow model, in which the main channel and flood plains were taken as different strips.
The momentum exchange and turbulent shear stress on the interface between the main
channel and the flood plain and the variety of bed roughness for each strip were taken into
account. Based on Evers’ hypothesis (1983) [34], Kohane developed the following formula
of the turbulent shear stress at the interface, 7 = =26 p+ (Um ~ Up)* | Um — up |.

Stream tube models and quasi two-dimensional models Fischer (1967) [38] was
the first to use the stream tube model to simulate two-dimensional dispersion problems in
streams. It was subsequently refined by Chang (1971) {24} and Sayre and Yeh (1973) [126].
Sayre and Yeh introduced a natural coordinate system in which a simplified equation was
used to align the longitudinal coordinate surface perfectly in the direction of the depth-
averaged local velocity vectors so that they form stream tube surfaces. They eliminated
the lateral velocity in the two-dimensional depth-averaged convection-dispersion equation
to simplify the computation. Yotsukura and Sayre (1976) [184] further improved the model
by introducing cumulative discharge and metric coefficients. They proved that the surface
corresponding to the constant cumulative discharge was tangential to the local velocity
vector and thus acts as a stream tube surface. The significant feature of the cumulative
discharge method is that it shifts the problem of calculating the transverse velocity from
the convection-dispersion equation onto the coordinate system, whose configuration is
constrained by the requirement that the water continuity equation is to be satisfied. This
model was successfully used to simulate the solute dispersion in natural rivers.

GSTARS, Generalized Stream Tube model for Alluvial River Simulation, was developed
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by Molinas and Yang (1986) [91] for solving river engineering problems. It takes into
account the bed-load transport of nonuniform sediment mixtures. In the calculation of
fractional erosion the formulae of total load for uniform sediment [1, 32, 176, 178] were
used first to determine the erosion rate for each size fraction. Then the erosion rate of
size fraction n is determined by multiplying this determined erosion rate of size fraction
n and the availability of that size fraction in the bed material.

GSTARS can be used to simulate the complicated response of a river channel in terms
of width and depth adjustment processes. It can also describe different types of channel
development which could happen during the morphological adaptation process of a river
channel.

GSTARS has been successful in simulating and predicting local scours as well as depo-
sition across and along natural rivers with movable beds and fixed widths. For example,
it was applied in the study on the Mississippi River Lock and the study on the local
scour along the Willow Creek Dam unlined emergency spillway. The computation results
demonstrated that GSTARS was able to simulate complicated morphological processes of
natural rivers and might have the potential to simulate the process of river meandering.

GSTARS treated the total load as if it was an equilibrium transport conditions. In re-
ality suspended sediment transport is not an equilibrium sediment transport process.
Lee et al. [76] modified the model of GSTARS by considering bed-load and suspended
load separately, creating USTARS. For entrainment and deposition of suspended load
the expressions of van Rijn [154] and Holly and Rahuel [53] were used. USTARS uses
the same method as GSTARS to determine the fractional entrainment. The convection-
dispersion equation of suspended sediment transport was solved by FVM and the split
operator approach. The equation is separated into four portions: convection-step, longi-
tudinal dispersion-step, transverse dispersion-step and reaction-step. They were solved
subsequently in one time step.

MABOCOST is a quasi-two-dimensional numerical model developed by Luk and Lau in
1987 [83]. It describes mixing in natural sinuous streams with non-uniform cross sections
and velocity distributions and simulates localized sources or sinks due to chemical and
biological reactions.

In order to eliminate longitudinal numerical dispersion completely, variable-length ele-
ments (developed by Beltaos [11]) were used in solving the sediment convection-dispersion
equation. These elements were arranged in the parallel stream tubes. The length of each
element is always equal to the product of the local velocity and the time step as to satisfy

the Courant criterion, EA%E = 1.
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Two- and three-dimensional models (horizontally and vertically) To predict
small scale river bed changes, such as river bed changes near hydraulic structures, local
scours at bridge crossing, scour and fill in curved channel reaches, two-dimensional or even
three-dimensional models are required. With the advancement in computer technology,
many two-dimensional models have been developed and have been widely used in the
study of sediment transport processes, such as reservoir sedimentation, river morphological
changes, the distribution of deposition and erosion [155, 185, 186], and in estuaries, bays
and river mouths [72, 162, 163].

The two-dimensional sediment transport model, SEDZL, developed by Ziegler and Lick
(1986) [186] simulates reservoir deposition. To improve accuracy an orthogonal curvilinear
coordinate system, transformed from Cartesian coordinates, is adopted in the model.
SEDZL considers the effect of flocculation and consolidation for mixing sediment, cohesive
fine sediment and non-cohesive coarser sediment, in sedimentation and erosion processes.

In order to consider the effect of grain size variation, particles are classified based on their
size fraction as either cohesive sediments and non-cohesive sediments. The expressions of
Gailani et al. (1991) [42] and van Rijn [154] are used to determine the entrainment for
these two size fractions, respectively. The percentages of bed material and entrainment for
each size fraction are assumed as to be the same. The bed is vertically discretized into 7
layers to account for the fact that bed consolidation and compaction increases with depth
{104, 148] within 7 days after deposition [148]. Each layer is composed of the deposition
in one day. When the time after deposition of the layer exceeds 7 days, it is treated as
the 7 days.

The model of SEDZL was used to simulate fine-grained, cohesive sediment transport in
Watt Bar Reservoir, on the Fox and Pawtuxet Rivers [186, 187, 188]. The results proved
that this model realistically predicts overall patterns of erosion and deposition throughout
the reservoir.

In order to investigate the effect of the turbulent shear stress on the interface between
the main channel and the flood plains, many two- and three-dimensional & — ¢ models
have been developed [25, 81, 102, 99, 172]. These models can simulate secondary flow and
predict velocity fields and eddy diffusion.

A three-dimensional numerical model of solute transport in compound channel flow has
been developed by Lin and Shiono (1995) [81]. The numerical model used linear and
nonlinear k — € models to evaluate turbulent parameters and used the simpler method of
Patankar and Spalding (1972) [110] to solve the differential equations. According to the
model, the transport behavior near the interface between the main channel and the flood
plains showed that the secondary flow was significant. Tracer concentrations simulated
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using nonlinear k£ —e model agree with the experimental results better than those obtained
by the linear model. The bed shear stress obtained by the two models agrees well with
the experimental value by Wood and Liang (1989) [172].

Naot et al. [99] developed a three-dimensional turbulent model to simulate the hydro-
dynamic behavior of compound channels, which was originally advanced with reference
to flow in a rectangular open channel. The approach of a second-order Reynolds stress
closure is used to simulate secondary flow in this model. The computation results showed
that the turbulent model can describe the main features of more complex flows by includ-
ing the effects of asymmetry, flood-plain roughness, and sidewall inclination in compound
channels. Without considering the vortices in the vertical direction, the close agreement
obtained between the prediction and the measurement shows that this vertical eddy does
not affect the process of momentum transport between the main channel and the flood
plains (Figure 2.11).

A stream tube model, a quasi-two dimensional model and two-dimension model can be
used for describing two-dimensional suspended sediment transport processes and pollutant
dispersion in rivers (Table 2.5 and Table 2.6). In the stream tube model the depth-averaged
transverse velocity is equal to zero. The sediment transport is considered only in a single
stream tube and the dispersion between the neighboring stream tubes is ignored (Table
2.5 (¢)). In a straight channel with a uniform flow the assumption and approximation
are acceptable. However, for a river reach with secondary flow, caused by bend effects
or local geometric changes, the application of the stream tube model is limited. A quasi
two-dimensional model provides an improvement on the stream tube model by considering
the transverse particle dispersion in the governing equation (Table 2.5 (f)).

"The present work will attempt to improve a quasi-two-dimensional model based on ‘the
above considerations. Quasi-two-dimensional models are used not only for the ease of
numerical computation, low cost, time and computer requirements, but also for their
applicability in engineering practice. Two-dimensional horizontal models are often used for
solving local problems. The simulation of river sediment transport is based on a long and
narrow domain, thus, a two-dimensional model is not suitable for this case. In addition,
the accuracy of computation by using quasi two-dimensional is acceptable for engineering
purposes.
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Chapter 3

Numerical models

In this chapter numerical models for simulating flow and suspended sediment transport
processes in rivers are developed. The concept of stream tubes is used for the flow calcu-
lation. Based on this concept a quasi two dimensional flow field and a natural orthogonal
curvilinear coordinates will be obtained. With this method the numerical difficulties asso-
ciated with two dimensional flow models, such as numerical diffusion and instability, can
be avoided. The suitability and applicability of the stream tube flow model to rivers is
studied, especially for a river with compound flow cross sections or with groynes as bank
protection. In order to describe the sediment dispersion in the interaction zone between
the main channel and the flood plains a formula will be derived to calculate the dispersion
coefficient, which is tested using flume data of James (Chapter 4 section 1).

Suspended sediment transport models are developed for uniform sediments and nonuni-
form sediment mixtures, respectively. The transport model for uniform sediments is rela-
tively simple and practical. It can be used to make rough predictions in engineering prac-
tice. However, suspended load material and river bed material mostly consist of nonuni-
form sediments. Because of selective transport the grain-size distributions of suspended
sediment load and bed material on river bed surfaces gradually change and sediment gra-
dation varies continuously along the river course (Figure 3.11). The average grain size
distribution in bed material is finer downstream than upstream. Selective erosion influ-
ences the sediment entrainment and the river morphology. In order to describe the effects
of the selective transport and the downstream fining on the sediment transport processes,
a new approach for evaluating the grain size distribution of entrainment is derived using
a probabilistic approach.

Equations for the simulation of suspended sediment transport usually consist of momen-
tum and continuity equations of flow, the convection-dispersion equation of suspended
sediment transport and the continuity equation for river bed changes. These equations
are coupled to each other and therefore must be solved simultaneously. However, for many
practical applications, some useful simplifications can be made in order to grasp the es-
sential trends of river movement and avoid involving some nonessential and complicated
calculations. Since the sediment movement and morphological changes are slow compared
with the time scale of flow hydraulics, the calculations of flow and sediment transport
can be decoupled. In this case, sediment transport barely affects the behavior of the flow.
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Flow parameters, such as velocity and water depth, need to be recalculated in much larger
time steps.

The stream tube flow model and the transport model for uniform sediments will be cali-
brated using field data on the River Neckar at the Lauffen Reservoir from 1973 to 1994, a
period of 22 years. The calibrated model is then adopted to predict the changes in river
bed elevation over a 50-year period, from 1995 to 2045. The field data will be also used
to test the capability of the nonuniform sediment transport model to describe the effect
of selective transport (Chapter 4 section 2). The transport model for nonuniform sedi-
ment mixtures was tested using data from the physical model of Samaga and Tsinghua
University [125, 149] (Chapter 4 section 1).

3.1 Stream tube model

The stream tube model is often used to simulate rivers that consist of single sections.
However, natural rivers usually have compound sections with a main channel and flood
plains. Flow structures are much more complicated in river channels with compound
sections or groynes near banks than in simple compactive channels. It has been verified
that a turbulent shear stress exists in the interaction zone between the main channel and
the flood plains. This turbulent shear stress plays an important role in mass, momentum
and energy exchange between the fast flow in the main channel and the slow flow over
the flood plains.

In this section, a modified stream tube flow model is introduced to calculate flow param-
eters for rivers with compound sections. The use of computer models to examine flow
parameters is much more convenient in terms of time and expense than the use of phys-
ical models. The calculated results will be used for simulating the sediment transport
processes. ¢

"The mass exchange occurs between the main channel and the dead water zone in a river
reach with the groynes and is similar to what happens at the interface between the main
channel and flood plains. The mass exchange between the stream and dead water zones
is considered in the flow model.

3.1.1 Model concept

A stream tube is bounded by two streamlines. A strearaline is a line along which the
velocity vectors are tangent. For a two-dimensional flow, the expression for a streamline
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is
pulndied 3.1.1
= (3.1.1)
where u and v denote the depth averaged velocity components in the longitudinal and

lateral directions, x and z, respectively.

Because streamlines form the boundaries of stream tubes and flow velocities are always
tangents to streamlines, no flow can cross the boundaries of a stream tube. From the
potential flow theory, we have the expressions:

oY oy

dwzvda;—udy:g;dm+—azdy (3.1.2)
N
=% V= (3.1.3)

where 1) is the stream function. The velocity components can be determined from eq. 3.1.3
when the value and the location of ¢ are known. From the condition of flow continuity,
the following equations can be obtained

Ou  Ov 2,
55+5-&-0, V) =0, (3.14)

The discharge between two streamlines or within a stream tube, Ag, can be described as:
Ag =AY =9 — 1y (3.1.5)

Since river flow is not a potential flow, the concept of stream tubes differs from one defined
by the potential flow theory. However, it still uses the assumptions that there is no flow
across boundaries of the stream tube into its neighboring stream tubes and that the depth
averaged flow velocities are parallel to the stream lines.

According to this stream tube concept, a river channel can be divided into several stream
tubes along the river course. The boundary surfaces of stream tubes consist of the four
surfaces: the water surface, the river bed surface and two vertical fictitious interfaces. The
hydraulic variables of each stream tube can be determined by a flow momentum or energy
equation with specific exchange terms.

In the stream tube flow model, the location of a stream tube is determined using:
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(1) A one-dimensional flow model used for calculating a water surface elevation. In the
model each cross section is divided into an equal number of subsections. Strips are
constructed by linking these subsections from upstream to downstream.

(2) The total discharge can be equally assigned to each strip by adjusting the boundary
surface of the strips. Thus, the boundary surfaces of the strips are a property of the
surface of the stream tube and the strips can be then taken as stream tubes.

Locations and sizes of the stream tubes are determined by the river geometry, the total
discharge and its transverse distribution. A quasi two-dimensional flow field with fixed as
well as movable boundaries can be approximated with total discharge changes in the pre-
sented stream tube model. The detailed calculation procedure is described in the section
3.1.4.

3.1.2 Application of the stream tube model
Compound flow cross sections

The cross-sections of a river can be classified as either single sections or compound sections,
with each section having different roughness and flow velocities. Typical forms of some
river cross-sections are shown in Figure 3.1.

If gradually varying flow occurs in a river reach with prismatic sections, the stream lines
are parallel to each other and there is no lateral flow through the stream tubes. The
calculation using the stream tube method yields an excellent approximation of such a
flow structure in a river reach.

In a river reach with single sections and with negligible small secondary flow effects or
in a river reach with small curvature, the flow runs nearly parallel to the boundary of
the river. In these case there may exist only minor lateral flow through the fictitious
boundaries of the calculated stream tubes. Therefore, the hydraulic parameters obtained
by the stream tube model are adequate. However, in a river reach with great curvature
flow calculations by the stream tube flow model can only approximately reflect the real
flow condition because of the secondary flow.

When overbank flow occurs in a river channel, a large difference in velocities exists within
the deeper main channel and the shallower flood plains (Figure 3.2). This produces strong
interactions and a large turbulent shear layer which results in secondary currents along
the interface between the main channel and the flood plains. In the interaction zone, there
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Flow structure Comments
Sing]e section Regular section
ﬁ Longitudinal deposition and erosion

Curvature

section .
Curvature section Secondary flow

Regular section >
@ Deposition near the inner river bank

Erosion near the outer river bank

Compound section Two opposite large eddies
in the interaction zone

Dispersion and convection between
the main channel and the flood plain

Different river bed roughness for
the main channel and the flood plains

Large deposition on the flood plains
during flood events

Figure 3.1: Open-channel flow

exist longitudinal momentum transfers from the main channel to the flood plain resulting
in a decrease of the velocity in the main channel and an increase of that over the flood
plains. The stream tube model can also be used to describe an overbank flow. In this case,
a stream tube may include (Figure 3.3): a part of the main channel; a flood plain; a part
of the main channel and a flood plain, including the interaction zone.

Configuration (a) can be thought of the same as the case of simple section.

For Configuration (b), the results of the stream tube model can simulate the real flow
situation and the exchanges of mass and momentum between the main channel and the
flood plains can be completely described.

Configuration (c) is quite common. Stream tube boundaries are unlikely to coincide with
the interface between the main channel and the flood plain because of limitations inherent
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Figure 3.2: Compound chanrel flow configuration. After Rajaratnam and Ahmadi (1981) [118]

| in dividing a river channel into a number of stream tubes. This Configuration differs from
| (a) and (b) in several ways:

(1) Secondary currents at the interface of the main channel and the flood plain appear
within one stream tube;

(2) Exchange of mass and momentum are within one stream tube, the exchange and its
influence does not appear explicitly in the flow calculation.

(3) The calculated flow directions for the stream tube may deviate from that actually
occurring.
Many previous stream tube models did not consider configuration (c), even théugh some

of them were used to simulate sudden transverse expanding or secondary flow.

In order to describe the flow condition for configuration (c), two methods introduced in
the model: one partially and the other wholly reflect the interaction and exchange of mass
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Section Stream tube distribution

Single section

1. Prismatic section

2. Curvature section

Compound section vd

Main channel  Flood plain Stream tube in the main channel

Stream tube including a part of the
main channel and the flood plain

Figure 8.3: Stream tube distribution

and momentum at/near the interface between the main channel and the flood plains.

The effect of interaction between the main channel and the flood plain flow is greatest
at the interface. It decreases gradually with the distance from the interface to the main
channel and the flood plain. The partial interaction can be included in the calculation
by determining a proportion of the interaction at the boundary between this stream tube
and its neighboring one.

To reflect the interaction and exchange of mass and momentum, it is necessary for the
interface to be a boundary of two neighboring calculating elements. This can be done by
dividing this stream tube into two strips. One only includes the food plain, and the other
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contains only part of the main channel.

To describe the interaction and the exchange of mass and momentum, Evers (1983) [34]
suggested the following equation for the diffusion coefficient and the shear stress of tur-
bulent fluid, 7,., in the interaction zone:

e=2 K (Um —up) - B, (3.1.6)
Au Ay
Tel = PER T PE (3.1.7)

where & is a coefficient, u, and u, are flow velocities in the main channel and the flood
plains, respectively and B is the width of the interaction zone. For practical application,
Evers suggested x equal to 0.01, while Kohane proposed  to be 0.02.

In the eq. 3.1.6 B is defined as a mixing length and is given as an order of magnitude.
The mixing length is relevant to the geometric parameters of compound sections. These
parameters include the differences in elevation and the width between the main channel
and the flood plain [2, 34, 118]. Considering that the widths of the main channel and
the flood plain are large, the difference between the both widths does not have a large
influence on the generation of the secondary flow. Consequently, the difference in bed
elevation between the stream and the flood plain is the parameter used to describe the
mixing length, expressed by the difference in water depths in the main channel and on the
flood plain. According to experimental results [118], the relationship between the mixing
length and the bed elevation difference is

B =6 (hy — hy). (3.1.8)

Thus, the dispersion coefficient due to differential convection in the interaction zone can
be derived as:

Emp = 0 (U = tp) (hm — hy) (3.1.9)

where « is taken as a coefficient to be calibrated, [171] suggested that o = 0.12 - 0.24.

The total transverse diffusion at the interface of the main channel and the flood plain
contains contributions of turbulent diffusion caused by bottom shear and dispersion due
to differential convection. This can be expressed by

EmpT = €t + Emp. (3110)
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From Figure 2.12 one can see that the maximum value of €., occurs at the interface
between the main channel and the flood plain, and that it is much larger than the pure
transverse turbulent diffusion coefficient £;. At the interface, €., increases with increasing
in the ratio of the height of the flood plain and water depth on it. It decreases exponentially
with increasing distance from the interface. The exponent should be mainly related to the
geometric parameter of the compound cross section. Hence, the exponential function is
assumed as:

exp {—f@"—:li)J ) (3.1.11)

a hyp

where a is a coefficient and z is the distance from the interface to the calculated position
in the main channel. Thus, the diffusion coefficient in the interaction zone can be written
as:

g(h’"}; h”)}. (3.1.12)

Empz = O+ |Up — U] * | — hp|exp [—

The total transverse dispersion at the interaction zone contains contributions of turbulent
diffusion and dispersion due to differential convection. It can be given by

EmpaT = €t + Empa- (3113)

For suspended sediment diffusion, the diffusion coefficient in the interaction zone can be
obtained using the turbulent-Schmidt number and the coefficient ,p.7:

gy = ol (3.1.14)
Oy
EsT = €5+ Esmpze (3.1.15)

where o; is the turbulent-Schmidt number, o; = 1. In the interaction zone the particle
diffusion coefficient is:

z{(hy — h
EsT == €5 + Egmp = €5+ (@ |Um — Up| * |l — hp|) exp [—E-(J”h—p)«] (3.1.16)
P
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At the interface the particle diffusion coefficient varies as:
6smpT:53+a' |Um—‘upl . ]hm_h'pl (3117)

Using eq. 3.1.12, the calculated value of turbulent shear stress, 7,;, can be considered
partially for a stream tube as composed of a part of the main channel and a part of the
flood plain (configuration (c)). The influence of 7., on sediment dispersion at/near the
interface between the main channel and the flood plains can be included in the calculation.
In order to reflect the influence of the interaction on the transverse particle diffusion, it
is necessary to divide the stream tube into two strips (using eq. 3.1.17), especially when
calculating deposition on the flood plains.

Application to a river channel with dead water zones (with groyne)

Figure 3.4 shows a river reach with dead water basins caused by groynes, in which three
typical flow states exist:

(a) water surface is lower than the top of groynes;
(b) bankfull discharge with submerged groynes;

(c) overbank flow with submerged groynes and flood plains.

For configuration (a), the amount of mass and momentum exchanged depends mainly on
the velocity gradient and the groyne spacing, Ly [166, 170]. When L, < 30 - h,,, a mixing
layer is assumed as a streamline along the groyne heads [151]. Here, h,, is the water depth
in the main channel. The line along the groyne heads may be treated as a fictitious river
bank. There is a little exchange of mass and momentum in dispersion method between
the main stream and the groyne field. If L, > 30 - h,, , the main flow will penetrate into
the dead water zone. This increases the mass and momentum exchange. The penetration
depth, By, increases with L.

On the basis of results of breakwater experiments, Lean and Weare (1979) [75] stated
that a large eddy is generated on the downstream side of the breakwater and is separated
from the main flow by an expanding region of turbulence. There exists a lateral mo-
mentum transfer between the stream and the eddy within the mixing zone. This lateral
momentum transfer results from turbulence and secondary flow due to the curvature of
the streamlines.
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(a) Low discharge (b) High discharge (c) High discharge
By,
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P I S R H
Trarisverse mixing 'Il.frapsyz’rsc {nixingf"
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Figure 3.4: Mass exchange between the main stream and the groyne fields

The stream tube calculation is not difficult for configuration (a), under the assumption
that By is small. The calculation domain consists of the main stream without the groyne
fields, Figure 3.4 (a). The shear stress between the stream and dead water zones, 7, is
not considered in the flow calculation.

For configurations (b) and (c), the flow velocity in the groyne fields, u,, is smaller than
one in the main stream, u,,. Spillage over the groynes results in strong mixing between
flow in the main channel and water in groyne fields, Figure 3.4(b).

At the top of a groyne there is a point at which the flow separates. After this point a shear
layer is generated and a large eddy exists behind the groyne. The mass exchange between
the stream and groyne fields are caused not only by dispersion but also by convection.

When the water surface is over groynes, the stream tube nearest the shore includes a part
of the main stream and the groyne field. When overbank flow occurs, the stream tube
nearest the shore will consist of three parts: a part of the main stream, the groyne field
and the flood plain. For these two configurations, the mass transfer coefficient is larger
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than one in the case without submerged groynes, configuration (a). The particle lateral

dispersion coefficient (eq. 3.1.16) is used to calculate the exchange of sediment between
the main channel and the groyne field.

In order to determine hydraulic parameters in the groyne field, the following assumptions

may be made:

(1) The part of the stream involving the groyne is represented by a strip, whose width
varies with the groyne length in the river direction;

(2) The flow discharge in a section in the groyne field between two groynes is given by
QBysin = @Bi+ 341, @ = (@i — Qpir1)/ L (the variables are defined in Figure 3.5);

(3) The energy slope in the groyne field is approximately equal to that in the main

stream.
B-B
: Qg i1 /
:C:M / hy
= :
—t
1 L - B
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. Figure 3.5: Definition of hydraulic variables

According to this assumption a reference bed roughness Ky p can be obtained:
kup =c1 kg v (3.1.18)

where ¢, is a coefficient related to (%B-, h—“h'”l, 7L§§) and ¢, ks is the roughness coefficient,.
If h = hg, ¢; can be represented by

c__<h_hG : B+ hp ¢
1 hp BB+(h~hG) ’
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When By > hy and Bg > h— hg, ¢ is simplified as

5
— 3
o R (h hBhG> . (3.1.19)

The hydraulic parameters in the groyne field, such as velocity, up, can be estimated with
the help of a reference bed roughness, Ky;p.

The value of K p calculated according to the above assumption is different from the real
roughness in the groyne field. The real roughness in the groyne field is smaller than that
in the main channel. This is because its velocity is small and sediment deposited in the
groyne field only contains soil or fine sand, which are carried by flow from upstream or
are transferred from the suspended sediment of the main stream.

The energy loss is caused by turbulent eddies related to the groyne space, Ly, and the
velocity gradient between the flow and dead water. The energy loss can be examined by
increasing the bed roughness of the groyne field in the water surface calculation. Even
though the decrease of a local water surface at the groyne cannot be described in detail,
the influence of the turbulent eddy on energy loss can be considered to a certain extent.

The transfer coefficient for particles between the stream and the groyne field can be

obtained according to the Schmidt number. It can be expressed by ¢, = &,

For configuration (a), the particles are transferred between the stream and the dead water
zone due to turbulent diffusion and lateral differential convection. The particle transfer is
considered by an additional term, @*, (Table 4.11) as a source term in the conservative
equation of suspended sediment transport.

For configurations (b) and (c) the particle exchange also results from vertical differential
convection and lateral differential convection. Sudden lateral and vertical expansion exist.
In the calculation only the transfer due to lateral differential convection is considered.
The transfer coefficient expressed by eq. 3.1.15 can be used. In eq. 3.1.15 &, is replaced
by hg.

3.1.3 Governing equations in the flow calculation

For flow calculations in a river channel with a number of strips, the continuity and mo-
mentum equations are

dQr

¢Cr _ 3.1.20
il ( )
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4 593
dz AT

dh
)+ gATa + gApJr = 0. (3‘1.21)

where ¢, is the lateral discharge. The total discharge and area of a flow are

N N
r=2.Qi  Ar=3Y A
n=1 n=1
The energy slope is

Jp = QT—I‘(@ (3.1.22)

The Boussinesq coefficient 4 caused by non-uniformity of the velocity profile is

%
2 :

3o K2, ARy
i1

g = —— R (3.1.23)

in which A; and R; are the area and the hydraulic radius for a strip, K, is the roughness
coefficient in the strip and K is the conveyance factor, represented by

N 2
K=Ky - A Rub.

izl

where the roughness coefficient, k5, for ith section is represented by

ko, = C (de Chezy),

i
ks, = kot » B, (Manning-Strickler), (3.1.24)
Fogg, = 1/ %2 (Darcy-Weisbach),

The numerical solution of the equations above can be obtained using the Preismann’s
finite difference approximation. The flow equations in 3.1.20 and 3.1.21 are completed
using a constant water surface elevation as the downstream boundary condition. It is
assumed that the flow always remains subcritical, as is the case in most naturally occurring
river systems. The detailed calculation procedure is given by Kohane (1991) [67]. The
calculation method for stream tubes is given in the next section.

3.1.4 Stream tube computation

The stream tube computation is made by the flow modulus method. It is based on the
assumption that each subsection in the considered cross-section has the same energy gra-
dient which is equal to the total energy gradient for the whole cross-section. According to
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eq. 3.1.22 the subséctions with equal conveyance (flow modulus) have the same discharge.
The conveyance is a function of the bed roughness and the geometric parameters of the
cross section. The calculation of the locations of stream tubes can be accomplished by
giving each subsection equal conveyance values while moving the boundaries of strips.

The procedure to calculate stream tubes is as follows (Figure 3.6):
(R ]
[ n]
[« ]

K§ = K/N
24 2 2
K =ik ARD) | o0 0
[ 2 0
K2 K
K=K 1=1,2,3,...,N.
K =3K; N (number of sections)
Y
! = 3
h K, =Z(kst;. AjR %)
hl =h0 =123,...,7

(number of stream tubes)
h°=h! N

LY _ nextsection

Figure 3.6: Flow chart showing the steps for calculation of stream tube locations

1. Divide each cross-section of a river channel into a constant number of strips.
2. Calculate the water surface by using the one dimensional flow model.

3. Determine the conveyance for each strip according to the given discharge distribu-
tion.

4. Make each strip meet with the given value of the conveyance by moving the bound-
aries of strips from the left bank to the right one.

5. Compare the value of conveyance of the last strip with the previous distributed
value. If they are not equal, return to Step 3. This calculation is carried out section
by section from downstream to upstream.
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6. Calculate the water surface using the new location of each stream tube. If the
difference between the calculated upstream water surface values in this new step
and in old step 2 is smaller than a given value, finish the calculation, otherwise
return to Step 3.

In principle, the total discharge can be distributed to stream tubes with equal or different
sub-discharge values along the lateral direction defined at the first downstream cross-
section.

3.2 Suspended sediment transport model for uniform
sediments

In this section, a two dimensional depth averaged suspended sediment transport model
using a natural orthogonal curvilinear coordinate system for river channels is developed.
The semi-empirical formula describing the strong dispersion at the interface between
the main channel and the flood plains derived in the last section is introduced in the
model. The flow fields calculated by the stream tube flow model are used for simulation
of sediment transport processes. A natural orthogonal curvilinear coordinate system is
automatically built in flow calculation. Compared with a rectangular Cartesian coordinate
system it is less complicated to deal with moving boundaries and simplifies the convection-
dispersion equation because there is no lateral flow (v=0).

The discretized convection-dispersion equations of suspended sediment transport are solvec
by Finite-Volume Method which provides full mass conservation for each control volume.

3.2.1 Natural orthogonal curvilinear coordinate system

Generally speaking, in order to describe a two dimensional phenomena of solute or sed-
iment transport in a river, the flow velocities in transverse and longitudinal directions
should be known. However, the computation of a two dimensional flow field for a river
is very complicated due to limitations of computation algorithms, computer techniques
and difficult in calculation of moving wetted boundaries and energy losses which result
from complicated river channel geometries and relatively narrow computation domains.
A simplified method for calculating the flow field was suggested by Fischer (1966) [37}, in
which the transverse velocity was eliminated in the continuity and convection-dispersion
equations. The main idea of this method is that the longitudinal coordinate can be cho-
sen as closely as possible to the direction of the depth-averaged local velocity vectors so
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that the longitudinal coordinates coincide with the boundaries of stream tubes. Later on,
this method was improved by introducing the natural coordinate system for the much
more restrictive case of steady state uniform flow in straight prismatic channels by Chang
(1971) and Sayre and Yeh (1973) [24, 126] and by introducing the concept of accumula-
tive discharge for a river channel with curved alignment and width variation by Yotsukura
(1972, 1976) [183, 184).

In the present work, a modification of the Fischer method with a natural coordinate
system is suggested to describe a river channel with curved alignment, variable width
and compound cross-sections. The longitudinal coordinates are perfectly aligned along
streamlines. The transverse coordinates are located in the cross-sections. These cross-
sections are preferably selected at positions with major changes in width, lateral shifts in
the location of a river and the positions having detailed measured information in order to
obtain more accurate simulation results.

Metric coefficients In order to obtain a natural orthogonal curvilinear coordinate
system, two important coefficients, m; and my, are introduced. As shown in Figure 3.7, if
the x axis of the coordinates is defined along the center of a river channel and the z axis is
located at the first cross section upstream in the domain, the x axis does not always run
parallel to the longitudinal coordinates due to the variation in width and the curvature in
channel. Therefore, a difference occurs between measured distances along the x axis and
along the longitudinal coordinates. A similar case is also found in the measured distances
along the z axis and along the transverse coordinates.

Left bank

Stream line

X (River center line)

Right bank

Figure 3.7: Definition of metric coefficients
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To correct such differences, L;) and B; is defined by the expressions:

pH Z,
Ly x/ i Mgdz and By = / t m,dz. (3.2.25)
2 2k

The average values of m, and m, in the distance of Az and Az can be simplified by:

Ly
Az

I

and 7, ~ 22 (3.2.26)

where Az and Az are the distances along the axes z and z, respectively. L; is the distance
between the kth and (k — 1)th cross-sections along the ith streamline. B, is the width
of the ith stream tube at the kth cross-section. B,y is already determined in the flow
calculation and may be directly used in sediment transport calculations, ie, m,, =1
By, is the total water surface width of kth cross-section. Ly and Ly are the distance
between the kth and the (k — 1)th cross-sections along the longitudinal coordinates which
are coincided with the left and the right river banks. L,y and Ly are curved or straight
lines. Ly can be estimated with sufficient accuracy by interpolating between Ly and
Lpy as the expression:

1 Bix . Bixn
. — — — ekl /N
Lijp=Lpy+ 3 (Lrg—Lry) | By, + B k+l] (3.2.27)

If the x axis is a circular arc with the radius of the curvature, r,, and all of the longitudinal
coordinates are circular cylinders concentric with the x axis, the metric coefficient is
z £
Mgy, = 1k —,
o e

The sign of £ is positive for bends curving to the left looking downstream and negative
curving to the right. It is clear that for a natural river the value of m, may vary for the
different specific status of river reaches. For the River Neckar from 125.2 to 135.7 km, the
value of m, varies between 0.5 and 1.7.

In some cases, where the streamline curvature is small and the width of the river does not
vary greatly, the expressions m,=1, and m,=1 can be used as useful approximations. If
mg=1 and m,=1 holds true everywhere, the coordinate system simplifies as a rectangular
Cartesian system.
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3.2.2 vaerning equations for suspended sediment transport
Depth-averaged convection-dispersion equation

Taking into account the metric coefficient, m, and m,, an unsteady, two dimensional
depth-averaged convection-dispersion equation for suspended sediment transport can be
written in an orthogonal curved coordinate system as follows:

B(mym, hC) + A(m,huC) + 8(m Q)
ot oz 0z

(3.2.28)

0 (m, oc a (my, ac .
‘a?( hD, 6x)+6—(7—n:hD25;>+E——S

where C denotes the depth-averaged local concentration, v and v are local depth-averaged
velocities in longitudinal (streamline) and lateral directions, x and z, respectively, h is the
average water depth, D, and D, are the dispersion coefficients in x and z directions, and
S and E are deposition and erosion rates. For a river channel with moderate curvature
and a gradually varying width, the expressions m, =~ 1 and m, ~ 1 can be used. The
above equation can then be rewritten as follows:

OhC  BuhC OvhC d oc 7] oc . :
“‘é‘t* + 712— —5;—- = EE(thE) + '—z(th —a—;) + K-8 (3.2.29)

It is evident that the equation in this case is the same as that in the general Cartesian
coordinate system.

Considering a steady transport process, i.e., %Ct'- =0, the convection-dispersion equation
can be represented by

d(m,huC)  d(mzhC) 0 oc 6 oc
o + 5 = 5% zhD Ee az hD 25, +E - 5.(3.2.30)

In the stream line coordinate system with v = 0, eq. 3.2.30 become:

d(m,huC) _ 0 (

ocC 17} oc
oz T oz

m,
thZ?); +5;(mth 5 >+E s. (3.2.31)
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Erosion rate

The expression (2.1.17) for the erosion rate is used in the model

T S Te, 2

o { MGL~1) 7>
0

where M is an erosion coefficient to be calibrated. The critical shear stress is calculated
by the expression [154] (Figure 2.9)

Toi = (ps =~ p)gdFy (3.2.32)
with
F, = f(D*). (3.2.33)

where D* == Dy [L’ip:e ;%-] is the particle parameter.

Sedimentation rate

The sedimentation rate is determined by (eq. 2.1.18)

(3.2.34)

§o wsCy(1 ~ T:’S) T < T8
0 ¢ T 2 Te,8

The critical shear stress 7. g calculated by the expression of 2.1.19. The values of C, are
given by Rouse’s vertical distribution of suspended sediment (eq. 2.1.13).

Dispersion coefficients

The depth averaged longitudinal and transverse dispersion coefficients of suspended par-
ticles are given by

D, = fBuh and D, = Buh (3.2.35)
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in which u, and h are the bottom shear velocity and the water depth, 8, and 3, are
coefficients. Considering the pure turbulent diffusion and vertical differential convection
a value of §,==5.93 is suggested by Elder [31].

B, is equal to 0.23 in a straight channel without secondary currents according to Elder
[31]. In a river reach with compound sections there exists particle exchange in the inter-
action zone between the main channel and the flood plains due to turbulent diffusion and
differential convection. According to the eq. 3.1.15 the particle dispersion at the interface
between the main channel and the flood plain is:

D, = es7 = Piamph + &+ |t — Up| * |hm — Byl (3.2.36)

In the interaction zone, according to eq. 3.1.16, the particle dispersion coefficient varies
with the distance from the interface:

hm —h
D, = Busmph + @ - | — Up| - |Pm — byl exp {—2( W —-)} (3.2.37)
»

According to Rajaratnam and Ahmadi (1981) [118] (Figure 3.2), the values of w,my are
experimentally given by

Unmp = Unp (1 + 0.24(%’2 - 1)) (3.2.38)
P

where 7, = uZ,p is the undisturbed bottom shear stress on the flood plain (7, = Toe, sC€
Figure 3.2).

Using eq. 3.2.36 and 3.2.37 the lateral exchange of sediments between the main channel
and the flood plains can be determined. The deposition rate and deposition volume on
the flood plain during the flood events can then be evaluated.

Bed elevation change

The calculation of river bed changes is based on the mass conservation equation. It is
given by

dy = dt (3.2.39)
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where pj, is the density of sediment.

The river bed elevation Y} can be calculated by

$- 8

Py

}/bt+At = }/bt -+ At. (3240)

This is a one layer, one grain size model which cannot account for the effect of con-
solidation of fine cohesive sediments and the non-uniformity of sediments. To simulate
suspended sediment transport with the effect of consolidation of cohesive sediments a
multiple-layer model is needed. In order to calculate the change of bed elevation at the
Lauffen Reservoir in the River Neckar, where the bed material contains fine cohesive clay
with strong consolidation and non-cohesive clay, sand and gravel, a simple two layer model
is adopted, the details of which are given in Chapter 4.

3.2.3 Numerical method
Discretization of the equation system

In the present work, the Finite-Volume Method (FVM) is used as the numerical method
to solve the convection-dispersion equation of the sediment transport. The Finite-Volume
Method is based on the mass-balance over a finite number of control volumes.

Figure 3.8: Control volume with the center point P

In the FVM, the dependent variable is placed at the center of the control volume, called
a grid point P, which has the grid points N, S, E, W as its neighbors (Figure 3.8 and 3.9).
The variation of the dependent variable between two grid points, for example E and P,
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is assumed to have a linear distribution. Linear interpolation functions are used between
the grid points. The dashed lines in Figure 3.8 show the faces of the control volume which
is denoted by n, s, e, w.
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X

Figure 3.9: Schematic element and node arrangement used to evaluate the sediment concen-
tration variables

If Eq. 3.2.30 is written in tensor notation, we have:

divJ+S=0 (3.2.41)
with

J=ThC-hDvC (3.2.42)

where J is the total flux of C' through each of the four boundaries of the control volume
related to point P, and S is the rate of sediment concentration generation per unit volume.
The integration of the above equation yields:

///de‘deV+///VSdV=O (3:2.43)
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Applying the Gauss theorem to eq. 3.2.43 with the normal vector 7 on the boundary of
the calculation element (Figure 3.10), we obtain

fonc-mpv oy maa+ [[[ sav=o (3.2.44)

RNy

Figure 3.10: Schematic convection and diffusion terms

where ) is integration surface.

Before integrating eq.3.2.44, we defined the expressions as:

Az

e .
628

F, = (hu).Az, D= (hD,) (3.2.45)

in which F, and D, are the mass flow rates due to convection and dispersion through the
east face of a control volume, respectively (Figure 3.10). Similarly, we can write for the
west, north and south face of the control volume.

In order to obtain the steady solution, the dispersion term is represented by the central-
difference scheme and the convection term is represented by the upwind scheme in deriving
the discretization equation. The upwind scheme assumes that the value of the dependent
variable at the interface is equal to that at the grid point on the upwind side of the face.
Therefore, for the convection term at the east interface of the control volume, we have

F,C, = [F,,0]Cp — [~ F., 0] Cx (3.2.46)

where [] denotes the largest of the quantities contained within.
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In an orthogonal curvilinear coordinate system, the discretization equation obtained by
integration of Eq. 3.2.44 can be written as:

{[Fe, 0] + [~ Fu, O] + [ £y, O] + [ Fr, 0]} Cp— (3.247)

[=Fe,0] C. = [Fu, 0] Cy — [ Fy, 0] Cp, + [F5, 0] C;

= (D, + Dy + Dy + D)Cp + DCo+ DyyCoy + DuCr + DsCy + (Sc + Sp)AzAz

where the source term S is linearized by S = S; + S5,Cp. S, must be negative so that
instabilities and physically unrealistic solutions do not occur [109].

To arrange the equation more compactly, the equation are rewritten in the form:

a,Cp = 6eCe + 0 Cy + anCy + a,C; + b, (3.2.48)

where
ae = D, +[-F.,0], ay=Dy+[F,0],
a, = Dy +[-F,, 0}, as, = D,+[F,0],
ap = D¢+ Dy + Dy + Dy + [Fe, 0] + [~ Fy, 0] + [Fn, 0] + [~ F, 0] — SpAzAz,
b= S.AzAz.

Patankar (1980) [109] suggested several discretization schemes, in which the ratio of con-
vection to diffusion is represented by the Peclet number,

ul,
P = 'B.

The Peclet number, P, shows the ratio of the intensities of the convection and the diffu-
sion processes. A high value of P means that the convection process dominates over the
diffusion process; and a low value shows the diffusion dominates over the convection.

The hybrid scheme of Spalding (1972) [136] is a combination of the upwind scheme and
central difference scheme, separately for approximating dispersion and convection terms.
For convection terms, the upwind scheme is used when convection dominates (Pe > 2).
Compared to the convection, diffusion is negligible and is set to be equal to zero. If P, < 2,
the central difference scheme is used.
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The power scheme of Patankar (1979) [108] gives a better approximation of the exact
solution. In the power scheme, the upwind scheme is used only for P, > 10. If P, < 10, a
power-law expression is used to generate the discretization equation. This scheme is used
in the present work.

Patankar introduced a dimensionless coefficient, which is a function of the Peclet number,
A(|P)). The coefficients, A (|P|), for different schemes are given in the follows.

Scheme A(|P))
central-difference scheme | 1 — 0.5|P]

upwind scheme 1

Hybrid scheme [0, 1-0.51|P[}]
Power-law scheme 10, (1-0.1|P])%]]
Exponential scheme Pl / lexp(JP}) - 1]

Using the coefficient A (|P|), the coefficient of discretization equation, for example at the
east boundary of the control volume, can be rewritten as

6. = DeA(|P.]) + [[=Fo,0]] = ag + F.

Thus, the two dimensional discretization equation can be given as follows:

ApCp =Y auCm+b, nb=W,E,S N (3.2.49)
nb
where
ap = D A(|P|) + [~ F.,0]], (3.2.50)
aw = DA (|Py]) + [[Fu, 0], (3.2.51)
ay = D A(JP,)) + [ Fn, 0], (3.2.52)
as = DA (|P)) + [[Fs, 0], . (3.2.53)
Ap =Y Any — SpAzAy, (3.2.54)
nb

b= S.AzAy. (3.2.55)
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Boundary conditions

Upstream boundary For suspended sediment transport simulation, the upstream
boundary conditions are suspended sediment inflow and discharge.

For a two dimensional problem in the horizontal plain, it is necessary to have the trans-
verse distribution of concentrations. This nonuniform lateral distribution of suspended
sediment concentrations may exist downstream of the confluence of two rivers with dif-
ferent sediment concentrations or downstream of a hydro project with a dam, navigation
lock or power plant.

Downstream boundary The boundary condition downstream has almost no influence
on the upstream domain. For large Peclet numbers, convection dominates the sediment
transport process. Hence, some simple boundary conditions can be introduced into the
numerical solution scheme. The dependent variation at the boundary can be determined
by linear extrapolation

3 1
Cp= 501' - 501'—1,

or by quadratic interpolation

3 3 1
Op = gCi + 5Ci = gCin.
Assuming that C;yy = C; , we obtain
9 18
= —C; = ———.
Co 8 Ci

A zero concentration gradient can also be used as the downstream boundary condition.
It is given by
oC
C D= Cz or =B =0
Oz

At the bank boundary At the bank boundary, there is no inflow or outflow of sus-
pended sediment and no dispersion of sediment.

Solving the algebraic equation system

Sediment transport in a river is an unsteady problem. Here a quasi-steady solution is
used. The velocity of the river bed change due to sediment transport is very low and
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has only a small influence on water depth and flow velocity. Each individual time step of
an unsteady problem is treated as a steady one, which eliminates the stability problem
of computation. The accuracy of results given by quasi-steady solution is acceptable for
engineering practice.

An algebraic equation system is obtained through the discretization of the convection-
dispersion equation of suspended sediment transport. The difference scheme is the five-
point formula, which has a truncation error of O [(Az)?, (Az)?]. As the dependent variable
of the grid point is related to its four neighbors, we have a five-diagonal matrix of coeffi-
cients.

The coeflicients of the algebraic equations are functions of the dependent variable. Hence,
the iterative method is used. The algebraic equation system is solved by the elimination
method in an overall iterative procedure. The iterative procedure is finished when the
convergence criterion is satisfied. The convergence criterion is that the normalized sum of
the absolute residual over all grid points or the largest value of |R,| is less than a given
small number e. The residual at a grid point after n iterations is represented as follows

2
Rgp = (Z Anbcnb +b— APCP> . (3256)
nb

The convergence criterion can then be given by

5
£ (3.2.57)

SLo <
RNORM | —

where N is total number of computation nodes, RNORM is a reference value used for
normalization and ¢ is a convergence criterion.

Generating grids

When using FVM to simulate the suspended sediment transport process in a natural river,
the numerical generation of an orthogonal curvilinear coordinate system is essential. The
problem-oriented grid helps to increase the convergence rate and decrease the demand for
the storage of the computation in order to obtain a satisfactory accuracy. Refining the
grid in the region of large gradients in the main variables increases the accuracy, but it is
not necessary to refine the grid in the entire domain.
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In this work, the grid for sediment transport simulation in the calculation domain is
built with the help of the stream tube flow model. The boundaries of the stream tubes
and the cross sections determine control volumes. The sizes and the locations of the
control volumes vary with discharges, since determination of stream tubes are related to
discharges.

The grid points are placed at the centers of the control volumes after the locations of the
control volumes are determined. Thus, the concentration at a center of a control volume
is a good representative value for the control volume in the determination of the source,
sedimentation and erosion rates. The calculation domain is completely filled by control
volumes and the boundary grid is placed at the boundary face. The bournidary control
volume has a zero thickness. Due to the fact that the boundaries of the stream tube near
the two banks happen to be the boundaries of the calculation domain for a given discharge
there are no special considerations of dry and wet boundaries to consider

3.3 Suspended sediment transport model for nonuni-

form sediment mixtures

The above discussion and calculation of suspended sediment transport are for uniform
sediment transport in a river channel. In simulating sediment transport processes, the
composition of river bed material is held continually in time and space. A representative
grain diameter is used for both suspended and bed material in the modeling. However,
the transported sediment and bed material are in fact composed of nonuniform sediments.
The transport of nonuniform sediments is different from that of uniform sediments. Frac-
tional deposition and erosion of nonuniform sediment transport are related to the grain
cize distributions of suspended sediment, bed material and flow conditions. Suspended
particles and bed matetial usually have different grain size distributions and mixtures.

In the erosion process, the sediment transport capacity of flow for smaller particles is
larger than that for larger particles, hence, smaller particles are more likely to be in sus-
pension and transported. This gradually results in coarser bed material on the bed surface.
Owing to increases in the critical shear stress with coarsening of the bed material, the
sediment transport approaches an upper limit. This variation develops from upstream to
downstream. In the deposition process, the flow strength decreases along the river course.
Thus, the median grain size of sediments in suspension is reduced along river channels
and the fall velocities for initial deposition of suspended sediment particles decrease along
the river course (Figure 3.11). The effects of selective erosion and deposition, selective
transport, result in downstream fining and play an important role in changes in river
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morphology.

o 2 b
R4S b0 (bed sediments)
dsso,
o
= . Ao (suspended sediments)
4 1 dssoe
OS5

Distance

Figure 3.11: Selective transport: particle size sorting and critical velocity for particle sedimen-
tation along a river course

The entrainment of sediment particles of a given size fraction along an alluvial bed is
stochastic. It depends on the instantaneous strength of turbulence, on the supply of par-
ticles of the given size fraction in the bed material, on their location on the bed form, ripple
or dune, and on suspended sediment concentration in the water body. These dependent
factors can be described separately by probabilities of mobility and availability.

In this section, the concepts of mobility and availability are introduced to simulate the
suspended sediment transport process for nonuniform sediment in a river channel. A new
approach to estimate the percentage of size fractions of transported material is derived
according to probability analysis. To verify the new method, a comparison of predicted and
measured values of grain size distributions of the suspended load and the bed material will
be made by flume and physical model data (Chapter 4 Section 1). The effect of selective
transport on changes in river morphology will be studied in the Lauffen Reservoir on the
River Neckar (Chapter 4 Section 2).

3.3.1 Probabilistic approach to nonuniform suspended sediment
transport

Mobility of size fraction for prevailing hydraulic conditions

The bed instability is stochastic and can be described by the probability method. Grass
(1970) [48] indicated that the turbulence near the boundary region is relevant to initial in-
stability and the entrainment is mainly dependent on the difference between instantaneous
bed shear stress and critical shear stress.
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Instantaneous bed shear stress, 7, is assumed to have a Gaussian distribution with a mean
bed shear stress, 7, and a standard deviation, o,. Instantaneous bed shear stress can be
represented as the sum of the mean of bed shear stress and the fluctuation of the shear
stress

R (3.3.58)

For uniform sediments the criterion of erosion is described by the critical shear stress, 7..
For nonuniform sediments, the criterion of the particle incipient miotion of size fraction n is
represented by the value of critical shear stress over the range of sediment sizes considered,
Ten- 0 practice, an average value of the distribution of the critical shear stresses for a given
size range of particles is selected as the criterion for bed instability. Similarly, the value
of TCL’L can also be assumed to have a Gaussian distribution with a mean of ;?: and a
standard deviation, ¢,,. We have

T 1 T
Ten ‘ Ten
s Deposition | Erosion

Figure 3.12: Gaussian distribution of instantaneous bottom shear stress and critical shear
stress.

When the value of = is larger than 1, erosion occurs. Assuming that the shear stress
fluctuation is statistically described by a Gaussian distribution the probability of the
local shear stress acting on an individual grain smaller than the critical shear stress of
that grain under a given flow condition is (Figure 3.12)

(= 'r)2

P, = / = B d(—) (3.3.60)

Ten
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Replacing the variation ﬁ by % in eq. 3.3.59 , the expression 3.3.60 can be rewritten
as:

- ’
¥ (_1'__2 f

-1 Lo
P, = / 7 3.3.61
r ~00 27706 (Tm) ( )

The critical shear stress is obtained from a graph of dimensionless critical shear stress
and dimensionless particle parameter, D,, versus critical mobility parameters. For fine
material, the standard deviation is taken to be ¢ = 0.4 according to an experimental
approximate relationship [48]. '

New approach to evaluate the percentage of the size fraction of transported
material

To describe the particle erosion and deposition the zone near the bed surface are vertically
divided into following horizontal zones: water zone, bottom, mobile and immobile layers
(Figure 2.10). The mobile layer is further divided into two sub-layers, active and parent
(deactivated) layers. It is defined that only in the active layer the exchange between
suspended sediment and bed material occurs on the given flow condition. Sediment in the
parent layer is at rest on this given flow condition but part of it may be added into the
active layer and eroded as the flow condition changes. Sediment particles are entrained
directly from the bed surface (in the active layer) or from material transported as bed-load
(in the bottom layer). Since here only suspended sediment transport is considered, it is
assumed that the sediments are resuspended directly from the bed surface (in the active
layer). The flow condition and grain size distributions of bed material in the active layer
dominate the erosion processes. Selective erosion and sedimentation vary the grain-size
distribution of bed material in the active layer, as a result, the grain size distribution of
bed sediment gradually becomes finer along the river course. The downstream fining in
turn affects the suspended sediment transport process by changing conditions of particle
incipient motion and availability of bed material in the active layer. In order to correctly
describe the effects of the selective transport and downstream fining on the sediment
transport process, a new formula is derived to calculate the grain size distribution of
erosion particles.

Suspended sediment transport can be classified as equilibrium and non-equilibrium trans-
ports. The equilibrium transport has three cases:

(1) There is no deposition and erosion. There is no change in concentration;
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(2) There is an exchange between the bed material and suspended particles, but the
deposition and erosion rates for each size fraction of sediment mixture are equal;

(3) There is exchange between the bed material and suspended particles, but the depo-
sition and erosion for each size fraction of the sediment mixture are not equal. This
means that the total concentration does not change, but the fractional concentra-
tions vary.

All other sediment transport processes are non-equilibrium ones. The new formula is
derived assuming equilibrium transport-condition.

The deposition rate of size fraction n of nonuniform sediments depends on the reference
concentration, Cy, the particle fall velocity, w,, and the deposition stage parameter, 1—-=
The vertical velocity of particles is defined as the mean value of effective particle fall
velocity, which is equal to the difference of particle fall velocity and downward fluctuation
flow velocity, which is shown later. The value of -Z- follows a Gaussian distribution. Only
where - <1 (region out shaded in Figure 3.12) does relate this value to the particle
deposition.

Considering a given value of - < 1, the normalized Gaussian probability density function
can be described by

ED?
e BT d(—). (3.3.62)
2o Ten

Corresponding to this probability the deposition rate for size fraction n can be represented
by

— T (- ?
ConVon (1 o -—) e (3.3.63)
Vv 7rU

The sediment deposition rate of size fraction n for ;:: < 1, in a time, At, per square meter
is the integral of the above expression from negative infinity to 1

(7 ..L)Z

mdnz/l [Ca,, Vo (1—-1) LIl I G (3.3.64)

—o0 Ten 2mo Ten

where C,, denotes the reference concentration of grain size fraction n near the bed surface,
V,, denotes the averaged particle fall velocity for grain size fraction n, o denotes the
standard deviation of the distribution of bottom shear stress.
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Considering
) ~
T 1 (3.3.65)
Ten Ten Ten
and
T T
d(—) = d(—), 3.3.66
(TC’I!) (TC‘H) ( )

substituting these values in eq. 3.3.64 and changing the integration limit, we have

T ._ ! 2
g = [ {Can Vien [ (1 - —T—_) - —Tl—} e‘(ie”?ﬁ)“} a7y (3367
~00 2ro Ten Ten Ten
In the same time interval, the amount of eroded sediment of grain size fraction n per square
meter is related to the grain size distribution in the active layer, upward fluctuation in
flow velocity and the erosion stage parameter, ;Cln— — 1. Erosion occurs, only when T—T: >1
is satisfied. The right part of the area in Figure 3.12 contributes to erosion. Corresponding
to the probability expressed by the shaded area in Figure 3.12 the erosion rate for size
fraction n can be represented by

_ 1G5 “
Vin Vren (i - 1) e TR (3.3.68)
cn 2no

Similar to the calculation of the deposition rate, the erosion rate of size fraction n for
7~ > 1in the time interval per square meter is the integral of the above expression from
1 to infinity, given by

o 1 — T Sl T
Men= | —m— | VinV —1) e | d(—). 3.3.69
m /1 \/-271_0 [ b ¥ rsn <Tcn ) € 2 } (Tcn ) ( 6 )

where V5, denotes the volume in the active layer for grain size fraction n and where Vs
denotes averaged particle resuspension velocity for grain size fraction n,

Substituting eq. 3.3.65 in eq. 3.3.69 and also changing the integration limit, we achieve

00 . ' = (=12 '
me= [, . {v,m Vron {{—— <1~~f-—)] e TR } d( ) (3.3.70)
)

2o cn Ten Ten
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Under equilibrium transport conditions, assuming that the deposition rate equals the
erosion rate, i.e.,

dn = Ten (3.3.71)

With the help of

7

To=1- - (3.3.72)
and

T’

I = P (3.3.73)

and substituting eq. 3.3.67, 3.3.70 in eq. 3.3.71 , we have
Tn ] - 22
[Con Vion (Tn — ) €727 |da
2ro
los] 1 — EZ
= [ Vin Viesn (2 = Tp) €27 ] dx
2wo

Simplifying the formula above, we obtain

Con Irn 1M (Ve (z— ) e"3%) dx

7= =2 - e ] . (3.3.74)

bn o 2;” (Ve (T —2) € 307 ]dcc
. s = 22 . 1 _ 22
. Vrsn an ;mr € % — Tn fT" ono e %’ dx
- 22 22 ‘
[f_n —he €T 4T, [T e ee? dx]
Let x and ¢ represent the following functions
1 2?
(—) = e @ dx, (3.3.75)

2no
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o = L (3.3.76)

_T 2
e T + T, x(T)

Thus eq. 3.3.77 can be simplified as

C
an _ Y ren _ = ap — Tobn). 3
= (1= Tade) = o (1= Tadh) (33.77)

<

where the parameter of particle velocity, o, is defined by

=

I 3.3.78
v (3.3.78)

oy =
Considering the total amount of sediment in the active layer to be V; and the percentage
of sediments for size fraction n to be py,, the value of Vj, is equal to py, V;. The fractional
reference concentration can then be expressed by

Con = Pon Vi + Oy, (1 -T, ¢n) (3.3.79)

Con implies that the reference concentration of size fraction n is related to the flow con-
dition and the percentage of bed material of size fraction n in the active layer, py,. ppn is
usually defined as the availability of grain size fraction n in the active layer.

The total reference concentration in the bottom layer can be obtained by the sum of
reference concentrations of all grain size fractions

N N
Oa = Z Can = Vi) Zpbnan(l - Tn ¢n) (3380)

n=1 n=1

Dividing eq. 3.3.79 by eq. 3.3.80, the percentage of size fraction n of particles in the
bottom layer can be obtained

% — pbnan(l - Tn d)n)

. (3.3.81)
N
Ca nglpbnan(l - Tn ¢n) ‘

Pan =

Eq. 3.3.81 represents the relationship of the percentage of size fraction in the bottom
and active layer under a given flow condition. It determines the grain-size distribution
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of the transported material in the bottom layer. Under equilibrium transport conditions
the grain size distribution will be the same as the grain size distribution of the eroded
material from the active layer.

From this relation we can see that

® D, is affected by py, and flow conditions.

¢ The grain size distribution of eroded material is finer than one in the active layer.

o For a given p,, the distribution of p,, becomes coarser with increasing in flow
velocity.

Based on the grain size distribution of eroded material, one can determine the median
diameter and the corresponding critical shear stress for eroded material, as well as the
fractional and total erosion rates. The detailed calculations are given in section 3.3.4.

Mean effective fall and resuspension velocity of particles Considering the fluc-
tuation in velocity near the bed surface, the effective fall velocity of a particle is defined
as the difference of the fall velocity and instantaneous velocity. It can be expressed by

ws —w'.

Assuming that the fluctuation velocity can be described by Gaussian distribution:

1 _ WIZ
e 203, ,
V2moy,

the probability of the particle fall velocity larger than the flow fluctuation velocity for a
given particle can be expressed by the integral of the two expressions above from negative
infinity to wsp:

Wen 1 _w?
P < we) = / (wep — w') e %,
-0

V2moy,
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The mean effective fall velocity is given by:

_u
- S22 (wen — w') st—e” 2 d(w')

V,, = noy, . (3.3.82)
o1 e
U Zmaoe ed(w)

The effective resuspension velocity of particles is the difference between the upward fluc-
tuation velocity and the particle fall velocity, w' — w;. When w' > w,, sediments begin to
resuspend. The probability of the upward velocity exceeding the particle fall velocity for
a given size fraction is ‘

’2
W, w
o b o

1
P(U}, > wsn) = [oo ('U)I - wm)me w

The mean effective resuspension velocity of particles for the given size fraction:

12

- o (W' — wsn)—'——l——-e_;—u;gd(w’)
Vg = 0 Ao, 3.3.83
r8n foo 1 e—i‘%’%d(w,) ( )
Wsn 20w

After simplifying Eq. 3.3.82 and 3.3.83, we have

w2
2w, ¢Tied 4 Wer X (%)

ST 27
Vin = T (3.3.84)
g w
“wlz
— R I v
Vien = 2n 3:} [ (Uw )] (3385)
1—x(%=)

where o, denotes the standard deviation of the distribution of v’ and o,, = u, [52]. The
parameter of «, can then be determined as

Vrsn Wsn X( wT,uL )
o= Vo g w 3.3.86
Sl o = x(B (3.3.86)

% e +wsnx(l"—;ﬂs )

w
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When the ratio of % is smaller, the value of oy is approximated as 1. In this case, eq.
3.3.81 can be simplified as

pbn(l I Tn ¢n) .

N (3.3.87)
n§1pbn(1 = Ty &)

Pan =

Non-equilibrium transport The above derivation is based on equilibrium transport
conditions. In practice, non-equilibrium transport of sediment usually occurs. The grain
size distribution of erodible material for non-equilibrium transport is difficult to deter-
mine, because the phenomena of non-equilibrium transport is more complicated than
equilibrium transport. For weakly non-equilibrium transport conditions, the expression of
3.3.81 or 3.3.87 can be used as a useful approximation.

3.3.2 Governing equations of suspended sediment transport for
nonuniform sediment mixtures

Depth-averaged convection-dispersion equation

For simulating suspended sediment transport of nonuniform sediment mixtures, the bed
material is divided into a number of size fractions. It is assumed that the particles in differ-
ent size fractions do not interact with each other. The suspended sediment concentration
of size fraction n can be determined by the unsteady, depth-averaged convection-dispersion
equation of suspended sediment transport for each size fraction. The flow parameters used
here are calculated by the stream tube flow model.

For grain size fraction n, the depth-averaged convection-dispersion equation of suspended
sediment transport can be represented by

dmhuC,  OmzhvC,
_l_

o o (3.3.88)
17} m, aCn 0 My 8Cn ;- A
- ‘b; m—x 1—%-)+5;(;n:hpz—5;)+E" Sn

where C,, is suspended sediment concentration of size fraction n. S, and E, denote the
rates of the deposition and the erosion of size fraction n, respectively. The other variations
are the same in eq. 3.2.28.




84 Chapter 3: Numerical models

Deposition of sediments of the size fraction n occurs when the bottom shear stress is
smaller than the critical shear stress for the initial deposition of suspended sediments in
the same size fraction n. The deposition rate of size fraction n is given by

S, = Qg Wep Cn(1 — ), T<Tos, : (3.3.89)

Te,8 n

where w;,, and 7,5, denote the particle fall velocity and the critical shear stress of size
fraction n, «,, is a coefficient of the concentration distribution of size fraction n. The
values of 7.5, and a,, are given separately by eq. 2.1.19 and 2.1.13.

The total sedimentation rate is

S=3 8. (3.3.90)

Erosion rates for nonuniform sediment mixture

The representation of bed material of size fraction n in the active layer is defined as the
availability of that size fraction in the active layer. The amount of eroded material of that
size fraction from the active layer relates to the flow condition and the availability of size
fraction n. This relationship is described by the percentage of size fraction n, p,,, which
is represented by Eq. 3.3.81 and rewritten here

pbnan(l - Tn ¢n)
W .
nglpbnan(l - Tn ¢n)

Pan =

Based on the grain size distribution of erodible sediments, the median diameter of eroded
bed material and the corresponding critical shear stress can be determined. The total
erosion rate and the fractional erosion rates can then be calculated.

Assuming that the critical shear stress of eroded sediments corresponding to the median
diameter is 7. 5 , the total erosion rate can be determined by

E=M(-L

- 1) ) T Z Te,E (3391)
Te,E

The erosion rate of size fraction n is then

By = panB. (3.3.92)
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Evaluation of changes in grain size distribution of bed material and bed ele-
vation

The river bed is divided into mobile and immobile layers to calculate changes in the
river bed level. The mobile layer includes the active and parent (deactivated) layers. It
is assumed that the exchange of sediment particles between the suspended sediment and
bed material exists only in the active layer, and bed material in the parent layer remain
still on the current flow condition. Sediment in the parent layer may be eroded as flow
condition changes. In the immobile layer bed material is not erodible.

The active layer thickness, T}, varies with hydraulic conditions and bed formations. It
is defined as a proportional height of bedform, or 2dsy according to Einstein assumption
or equal to 2d5o;—-. The active layer and the parent layer are further divided into more
layers, which may be used to represent the difference in grain size distribution, mineral
density, for different deposition situations.

Sorting equation and bed level changes In the active layer, there is a multiple
grain-size distribution. It represents the availability of grain size fraction n in the active
layer, is defined as

L
E Zbn!

Pon = Zon
o, == =
n T

1
3 Zont

1i=1

M=

n

il

where z,,; is the thickness of size fraction n in the layer 1. The subscripts of b,n,! denote
bed, particular size fraction of nonuniform sediments and layer in the active layer, re-
spectively. Here, layer I is used for the effect of the different mineral densities or different
degrees of compaction rélated to the deposition environment.

Near the bed surface continuous exchange of sediment particles takes place. It is assumed
that this particle exchange only occurs between the bottom and the active mixing layer
during each time step. If erosion occurs, sediments are entrained at depths anywhere from
the first to the last sublayer within the active mixing layer. The grain-size distribution of
each layer in the active layer changes depending on the amount of erosion and deposition
in the layer. If net deposition occurs within a time step, a new layer will be developed
with the same grain-size distribution as the original deposition in that step. For a new
time step with different hydraulic and bed conditions there is a new T,. This new active
layer may include the new layer, if net deposition occurs at the last time step or a few
layers from the underlying parent bed.
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Sorting equations based on the principle motion of volume conservation in the active layer
are applied to each size fraction n and each layer [:

0 1
57 (Wont) = p,,( i~ Fn) (3.3.93)

where 3y, is the sediment thickness of layer 1 of size fraction n. The sum of this equation
over all size fractions gives the continuity equation of the complete sedlment mixture for
layer 1. The total change in the height of layer 1 is

N
%(ym) = 7§1 %(yw)- (3.3.94)

The change in bed elevation is equal to:

Oy oy 1 H &
%o 0 _ 1 - n=1,2.,N; (=12 .L (3395
R Dy (3:3.99)

n=1

The percentage of size fraction n for each layer [ in the active layer is determined by

Pomt = 22 (3.3.96)
Z Yont

After the time step it is updated by

Opont Ybmt Ponto¥t + DYy

LT (3:3.97)
ot L + A
El ypew i Ynt
Finally, the change in bed elevation Y is then calculated by
N L
o l, S S (B - n=1,2,.,N; 1=12..,L (3.3.98)
o paoia :

In this section a new method to determine the grain size distribution of eroded material
on the bed surface is derived taking into consideration:
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e mobility of the grain size fraction of bed material;
@ availability of the grain size fraction of bed material;

o Suspended sediment concentration

In comparison with other methods this method is simple and can be used without any
modifications. It takes into account three important factors in determining the fractional
eroded material, (a) particle incipient condition (probability of erosion occurring) which
is dominated by the effective bottom shear stress, (b) particle supply controlled by the
availability of size fraction n on the bed surface and (c) the influence of suspended sediment
concentration on the erosion rate. The effects of selective transport and downstream fining
on sediment transport processes and changes in river geometry can be described more
realistically and reasonably than in previous methods.
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Chapter 4

Model test and application

In this chapter, model tests were carried out in order to verify that the two formulae
derived and three models developed in Chapter 3 can really and accurately reproduce the
following physical model data (Section 4.1):

e Exchange of particles between the main channel and the flood plains from James’
flume study;

e Fractional deposition and entrainment from Samaga’s flume study;

® Reservoir deposition over 76-year operation using the physical model of Tsinghua
University.

Secondly, the three models are used for a field study at the Lauffen Reservoir (Section
4.2):

e Calibration of the flow model and uniform suspended sediment transport model;

e Prediction of river morphology change;

e Calculation of deposition on the flood plain.

Study of the effects of selective transport and downstream fining using the transport
model for nonuniform sediment mixtures.

Finally, the dispersion between the stream and the dead water zone (groyne field) and the
deposition and erosion in the dead water zone are calculated as an application example
of the sediment transport model (Section 4.3).

4.1 Model test by physical model studies

The goal of this section is to test whether the suspended sediment transport models
can realistically and accurately simulate suspended sediment transport processes in river
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channels. Measured physical data from James, Samaga and Tsinghua University are used
to test the suspended sediment transport models.

Sediment dispersion at the interface between the main channel and the flood plains in
a river reach with compound sections was studied using the data of the James’ flume
experiment.

The experimental data of Samaga and Tsinghua University were used to test the sediment
transport model for nonuniform sediment mixtures. The model calculates the temporal
and spatial variations in the grain size distributions of eroded material and bed material
and simulates the sediment deposition and erosion processes focusing on the selective
transport of grains. The computational results show good agreement with the measured
data from the model tests. This implies that the present numerical models can be used for
predicting changes in river morphology and the reservoir sedimentation and investigating
the effect of selective transport on nonuniform suspended sediment transport processes.

4.1.1 Sediment transfer from main channel to flood plains

James [58] used flume experiments to investigate the transfer of suspended sediment from
a main channel to an adjacent flood plain under the conditions of steady, uniform flow. To
verify the derived formula to deseribe the lateral dispersion of sediments at the interface
between the main channel and the flood plains, the numerical results are compared with
the laboratory data measured by James.

Q H | up, Up Kstm oy

l/s |em | m/s|{m/s mi/s | mi/s
3199 |12.0]090 | 0.40

“ 14195 (100075 0.30
3
4

Method

Experiment

147 112.0 1077 0.23 | 50.0 | 50.0
12.0 1 10.0 | 0.68 | 0.30 | 50.0 | 49.0

Calculation

Table 4.1: Flow variables used in the simulations of James’ flume study (1985).

The compound channel section used in the experiment is shown in Figure 4.1. The model
was 38cm wide and 10m long with a bed slope of 0.004. Sediments were classified into
four groups, d < 75um,75 — 150pm, 150 — 300um and > 300pm. Two different flood
plain surfaces, a completely absorbing surface and a non-absorbing surface, were used to
describe the deposition probability. The completely absorbing surface was a 15cm long
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sediment particle trap, in which particles can settle rapidly and be collected after each
experiment, Two such traps were separately placed at 1.8m and 4.6m from the end of the
flume. Before each experiment, sediment particles were placed on the main channel with
a thickness determined by the flow depth required in the main channel.

Uniform flow

160 mm ) 220 mm

T ¥ Al

Lateral Sedimentati
L dispersion cdimentation |
= P—— ¥

 —  — | 2 o—

3 5 7

Sediment trap

Bed sediments

Main channel Flood plain

1 |
1

|
Figure 4.1: Sketch of flume experiment set-up of James.

For numerical modeling, the flume is divided into 21 sections and 19 strips. Since flow
is uniform and the lateral velocity is zero, the strip is coincident with the stream tube.
The relative distribution is predicted as the uniform sediment for diameter d = 75,75 —
150,150 — 300, 300pm and median diameter 200um by the sediment transport model for
uniform sediments. The influences of different sized grains on each other cannot be taken
into account. The flow parameters used in the computation and the experiment are given
in Table 4.1. The computed and the measured relative deposition distribution on the
flood plain for the tests 3 and 4 are shown in Figure 4.2. It can be seen that the relative
deposition distributions at upstream and downstream sections agree well with the results
of James’ experiments. The largest deposition rate is near the interface between the main
channel and the flood plains. The smaller the particles are, the wider is the range of
deposition. The deposition masses compare well at the upstream sampling section. The
model test using James’ experiment results implies that the lateral dispersion formula
to describe the sediment transfer from the main channel to the flood plain works well.
The quasi two-dimensional transport model can predicted the sedimentation on the flood
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Figure 4.2: Comparison of deposition distribution on the flood plain calculated and measured

plain.

4.1.2 Transport model of nonuniform sediment mixtures

by James [58].

Flume study of Samaga et al. (1986)

Samaga et al. (1986) [125] used flume experiments to investigate suspended sediment
transport (Figure 4.3). The model was 30m long and 0.2m wide. The flume slope was

adjusted to obtain uniform flow over the flume.
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Uniform flow
) Velocity measured

Clear water Suspended load collected

—— Erosion

Bed-load
0+ collected

Figure 4.3: Sketch of lume experiment set-up of Samaga et al. (1986).

The flume bed surface was covered with 15 cm of nonuniform sediments. The particle
diameter ranged from 0.007 to 2 mm with a density of 2650kg/m?. Four mixtures with
different median diameters and standard deviations were adopted in the experiments,
shown in Figure 4.4. Each mixture of sediments was divided into 10 size fractions.

In the experiment, the vertical velocity distribution was measured at different elevations
in the center of the flume at a distance of 15 m from the entrance of the flume. At
the same locations, the sediment was collected and dried, and the concentration was
calculated for each grain size fraction. According to the Einstein’s assumption that the
boundary between the suspended load and bed load is at the height of 2 diameters of grain
size over the bed surface, the suspended loads of each grain size fraction were calculated
by integrating the product of concentration and velocity profiles from the height of 2
diameters over the bed surface to the water surface.

The total transport load in the experiments was also calculated by collecting the sediments
over the whole width of the flume at the downstream end of the flume. The bed load was
determined by the total load minus the suspended load. The hydraulic parameter of the
experimental set up used for the calibration are listed in the Table 4.2.

Run | Discharge | Water depth | Velocity | Bed slope | Temp.
I/s cm m/s S *10° °C
Mi2 10.400 7.690 0.675 5.760 23.0
M32 12.920 8.657 0.746 6.926 23.0
M44 13.180 8.733 - 0.755 5.268 26.0

Table 4.2: Hydraulic parameters of the flume experiment of Samaga et. al. (1986)
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Figure 4.4: Cumulative grain size distribution of original bed material used for flume experi-
ments by Samaga et al. (1986).

'0\? 100F

£ E

£ ¥

o

£ 60

E F

‘% E Sarnaga, M12
= 4 computed, M12
4 : Samaga, M32
® 20fF - computed, M32
El : Samaga, M44
g 0 computed, M44
© 0.05 0.1 1 2 3

0.2
Diameter [mm]

Figure 4.5: Comparison between computed and measured grain-size distributions of suspended
load in flume experiments of Samaga et al. (1986).

In the numerical model, the length of the flume was divided into 60 sections and 12 stream
tubes. The flow conditions were simulated by adjusting the bed roughness. Under a steady,
uniform flow, the suspended sediment concentrations were predicted and the grain-size
distributions of suspended load were calculated. Three experiments from 33 experiments
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carried out by Samaga et al. were selected for the calibration. A comparison of predicted
and measured results are given in Figure 4.5.

Three runs (M12, M32 and M44) with different slopes, discharges and initial bed material
were selected. The initial grain size distributions of bed material was divided into 8 size
fractions (d=0.073-2.36 mm). Computed and measured grain size distributions of the
suspended-load (Figure 4.5) agree well for runs M12 and M32. The median grain diameters
are close (M12: 0.183 mm computed and 0.203 mm measured; M32: 0.16 mm and 0.177
mm). Nevertheless, for run M44, the computed and the measured curves differ by more
than 20%. The median diameters for computed and measured runs are 0.142 and 0.182
mm, respectively. However, within the coarsest 80%, the median diameter are nearly equal.
The computed distributions were finer than the measured distributions for runs M32 and
M44.

Comparing the figures of 4.4 and 4.5, we can see that: 1. the grain size distribution of

TEST-M12 TEST-M32 TEST-M44
measured predicted measured predicted measured predicted
dom] | p | ¥p | P elp | Zp P | Zp| P | Zp | P | Ep
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.073 | .0428 .1000 143 .2008 113 2700
0.0428 0.1000 0.1436 0.2080 0.1130 0.2700

0.116 | .1557 .0506 154 1382 155 2144
0.1985 0.1510 0.3980 0.3390 0.2676 0.4850

0.164 | .1857 .3935 .225 .3853 .260 .3193
0.3842 0.5440 0.5232 0.7240 0.5279 0.8040

0.212 | 4571 .3081 .230 .2009 294 .1383
0.8413 0.8520 0.7534 0.9250 0.8221 0.9420

0.295 | .1114 0790 149 0695 155 .0447
0.9527 0.9310 0.9024 0.9850 0.9771 0.9870

0.421 | .0471 0017 .059 0126 022 .0111
1.0000 0.9330 0.9619 0.9970 1.0000 0.9980

0.707 | .0000 | o452 .000 .0026 .000 .0014
1.0000 0.9780 1.0000 1.0000 1.0000 0.9999

1.180 | .0000 .0022 .000 .0000 .000 .0006
1.0000 1.0000 | 1.0000 1.0000 1.0000 1.0000

Table 4.3: Comparison between measured and computed grain size distribution of sus-
pended sediment load in the flume study by Samaga et. al (1986)
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suspended sediments is finer than that of the bed sediments, which means that finer
particles tend to be eroded more easily than larger particles; 2. the grain size distribution
of eroded material is not equal to that of bed material. These demonstrate that the concept
of selective transport used in this model is correct. It gives reasonable prediction of the
selective transport processes.

Physical model study of the Three Gorges Project (1994)

The Three Gorges Project (TGP) currently is the world’s largest hydraulic engineering
project. The Three Gorges Reservoir drains an area of 10 - 108%4m2. The Reservoir is on
the Yangtze River in Yicang, Hubei Province, China. It is a multipurpose project for
flood control, power supply and navigation. The spillway dam is located at the center of
the river and two power-houses are arranged on either side of the spillway dam with an
installed capacity of 17680 MW. The navigation lock and ship lift are found at the left
river bank.

Sediment deposition within the reservoir is one of the key issues of the Three Gorges
Project, since it influences the navigation and the effective storage. Three physical mod-
els to predict sediment transport have been developed. The model built at the Tsinghua
University simulates deposition and erosion in the reservoir during and after impound-
ment. It covers a river reach 17.5 km upstream of the dam with the water surface width
of 500 - 3000 m (Figure 4.6).

The transported sediment in the study reach is mainly composed of suspended sediment
with a median diameter of 0.033 mm. The percentage of sediments with a diameter smaller
than 0.1 mm is 88% of the annual suspended sediment transport. There is a small portion
of bed-load in the total sediment load transport.

During the first 10 years of operation, the normal water level of the reservoir will be
156.0 m. In flood seasons the water level will be lowered from 156 m to 135 m. After 10
years of operation, the normal water level of the reservoir will be 175.0 m and the flood
control level will be 145.0 m (FCL). In flood seasons, the sediment amount is 88-90 % of
the annual sediment amount and the runoff amount is 61 % of the annual runoff amount.
Sediment deposition in the TGP occurs mainly during flood seasons. In low-water seasons,
sediment concentrations are small. Therefore, sediment transport was calculated only over
flood periods in the modeling.

For modeling purposes, the research reach was divided into 30 sections and 8 stream
tubes. Suspended sediment was divided into 4 size fractions, 5, 17.5, 37.5, and 85 pm.
The original percentage of size fractions of the bed material was equally set for each size
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Figure 4.6: Sketch of the TGP Reservoir showing the calculation domain in present work. After
Zhou (1995) [185].

fraction. The discharge and sediment concentration variations with time at the upstream
boundary were given by a one-dimensional mathematical model. A minimum discharge
value of 15200 m?/s and a maximum value of 55900 m?/s were used in the computation.
The concentration of suspended sediment inflow varied from 0.022 to 4.25 mg/l. The
median diameter of suspended sediments varies from 0.007 mm to 0.038 mm (Figure 4.7)
[185].

The focus of the present study is to see how the reservoir bed elevations and cross section
areas will change after 76 years of reservoir operation. The accumulated deposition over
this 76-year period is shown in Figure 4.8.

From this figure it can be seen that during the first 45 ~ 50 years of impoundment, the
reservoir traps a large amount of sediment. After that the deposition volume curve reaches
a plateau indicating that a balance of sediment inflow and outflow exist at this point. This
can also be seen in Figure 4.9, which shows the changes in cross sectional areas. The flow
cross-sectional areas decrease rapidly in the first 32 years of operation. After 76 years
of operation, ‘the Reservoir will have trapped a large amount of sediment and the flow
cross-sections areas along the river will not vary much in the study reach. The predicted
results agree well with the data measured in the river model for both deposition volumes
and cross section area changes below the elevation of 145 m (Flood Control Level).
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Figure 4.7: Median diameter and grain size distribution of suspended sediment inflow used for
present work.
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Figure 4.8: Comparison of accumulated deposition volumes over the 76-year period of calcula-
tion predicted and measured in the river model.

The measured and simulated changes of several cross sections due to deposition are given
in Figure 4.10. After 32-years of operation, the bed elevation will rise from the original
level, which is near the sea level, to above 60 m. The measured and simulated bed elevation
changes are in good agreement. These test results imply that the present nonuniform
sediment transport model can describe the fractional deposition and erosion processes
well within reservoirs under unsteady flow conditions.
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Figure 4.9: Changes in cross sectional areas along the river course below 145 m (FCL) during

In this section the numerical model of suspended sediment transport for uniform sediment
is applied to the Lauffen Reservoir on the River Neckar. After calibration of the model
using field data, predictive calculations over a period of 50 years were carried out to assess
possible changes in river morphology during the next decades. The nonuniform sediment
transport model is also applied to the Lauffen Reservoir to study the effect of selective
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Figure 4.10: Changes in the cross sectional areas below 145 m (FCL) during operation.

transport in rivers.

4.2.1 Description of study reach

The Lauffen Reservoir is located between Stuttgart and Heilbronn, on the middle reach
of the River Neckar, in Germany (Figure 4.11). It stretches from Besigheim (km 136.8) to
Lauffen (km 125.2). The maximum discharge measured at the gauging station at Lauffen
is 1650 m3/s, the minimum discharge 14.1 m®/s and mean discharge 88.5 m®/s. The water
surface elevation at the Lauffen Reservoir is 169.79m. The mean suspended sediment con-
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centration measured at Lauffen is 33 mg/l. The annual erosion of the 7916 km? drainage
basin varies from 7.4t/km? to 70.9t/km® with an average value of 33t/km? [41]. The Enz
River discharges into the River Neckar, downstream of the Besigheim Power Station. The
mean discharge of the Enz River is 20.8 m®/s.

Neckar
S

o km 125

Lauffen o

Neckar km 130

hydraulic structure Y

Figure 4.11: Plan of the Lauffen Reservoir from Besigheim to Lauffen.

The Lauffen Reservoir was built in 1938. Since 1950 the suspended sediment inflow de-
creased considerably due to the construction of 13 cascade dams upstream. The river bed
profiles in the Lauffen Reservoir were measured by the Water and Navigation Authority in



4.2. Field study in the Lauffen Reservoir on the River Neckar . 101

1950, 1972 and 1974, and in 3/1981, 3/1984, 8/1989, 6/1991, 8/1992, 3/1994 and 10/1994.

According to the measured data the changes in mean river bed elevations varied along
the river course with the maximum changes occurring between 125.2 and 126.0 km. Over
the period of 1950 to 1973, sediment was deposited to a height of about 2 m in the region
near the dam between 125.2 km and 130.0 km. However, after 1973 erosion occurred often
in this region during flood events and sediment deposition only occurred between 3 /1984
- 8/1989. The volume of material deposited or eroded in the reach from 125.2 to 130.0
km varied from time interval to time interval. (Figure 4.12). The difference between the
sediment and erosion results in the peak discharge during flood events.

o 2000 o5 2-130.0 km 153
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Figure 4.12: Measured deposition volumes (from 125.2 to 130.0 km) during the period of 1973
- 1994. After Kern (1997) [62].

The suspended sediment transport model was calibrated for the period between 1973
and 10/1994, in which many flood events occurred. This period was selected because
fiood events produce changes in river morphology, determine sediment dynamics and
have a considerable inflyence on the sediment budget. Mean and low discharges control
the processes of deposition and should also be considered in the computation.

4.2.2 Calibration of the flow model

The flow model was calibrated using the floods in 05/1978, 02/1990, 12/1993 and 04/1994
at Lauffen Reservoir, in which the maximum discharges were 1630, 1644, 1335 and 1382m?/s,
respectively. The flow model was calibrated by adjusting the Strickler-coefficient, ky. The
Strickler-coeflicient, k,:, is necessary to account for the difference in hydraulic resistance,
and the additional energy loss during overbank flow. The Strickler-coefficient ks, was set
as 32 m}/3/s in the upstream reaches and increased to 42.2 m'/*/s in the downstream
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reaches [70]. It was set as 15.4 m*/*/s on the flood plains.

The calculated water surface profiles are compared with the measured stages in Figure
4.13 and 4.14. These Figures show that satisfactory reproductions of the water surface
elevations are obtained using the flow model.
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Figure 4.13: Reproduction of water surface profiles for the greatest discharges over the floods
of 1978, 1990, 1993 and 1994. Solid line: model calculation, open squares: field
measurement.

Accuracy of the flow model was determined by comparing the measured and predicted
water surface elevation. The mean value of the relative error is defined:

1 N h ed. ™ hmeas
EAR T N IZ: ———————I pred: I (4.2.1)
=1

hmeas,
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Table 4.4 shows that the absolute deviations of the value calculated from those measured
for discharges during the floods 1978, 1990, 1993, 1994 are very small. The calibration of
water surface profiles was not carried out for lower and mean discharge, because there is
little measured data available.

left bank | right bank
Flood events Ah AR
m m
05/1978 -.019 -.006
02/1990 -.007 -.014
12/1993 -.001 .004
04/1994 -.027 -.027

Table 4.4: Mean deviation of the water surface elevations calibrated from measured.

4.2.3 Calibration and application of transport model for uni-
form sediments

Description of input data

Sediment inflow Only a few measurements of the suspended sediment concentration
have been carried out at Besigheim over the 22-year calibration period. The sediment
inflow will be given by the following functions for the station of Lauffen on the River
Neckar [63]

Cis oy = 0.005226 - 1073 . Q1782 r = 0976 n = 350;
and for the station of Besigheim on the River Neckar

Cs.py = 0.005 - 1.0‘*3 QL r=0944 n =369
and for the station of Besigheim on the Enz River

C,.pp = 0.005226 - 1073 . QL8024 r = 0.849 n = 375.

LN, BN and BE represent Lauffen and Besigheim on the River Neckar and Besigheim on
the Enz River, respectively. r is the correlation coefficient and n is the number of samples.
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Figure 4.14: Reproductions of water surface elevation at the gauge of Besigheim during the
flood events from 1978 to 1994.
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The functions were obtained according to data measured during the 1993 flood using the
least square method. The discharge and the suspended sediment concentration calculated
by the equations above are shown in Figure 4.15 and Table 4.5

at Besigheim
Period Neckar + Enz .at Lauffen

1973 - 03.1981 2298.217 2331.058
03.1981 - 03.1984 1473.956 1591.465
03.1984 - 08.1989 1935.733 2039.389
08.1989 - 06.1991 385.619 441.046
06.1991 - 08.1992 153.430 98.932
08.1992 - 03.1993
03.1993 - 10.1994 677.828 753.155

Table 4.5: Transported suspended sediment volume (in 10% m?) over the calibration period
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Figure 4.15: Hydrograph and suspended sediment concentration at Besigheim over the cali-
bration period, from 1973 to 1994 [62].
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Characteristics of flow parameters Several representative velocity and bottom shear
stress profiles along the river are shown in Figure 4.16 b. and c. The velocity varies in the
range of 0.1 - 3.8 m/s. Bottom shear stress varies from 0.12 to 65.5 N/m? corresponding
to a discharge range from 14 to 1650 m®/s. In the area between 125.2 and 130.0 km,
defined here as the lower reach, the bottom shear stress is much smaller than in the area
between 130.0 and 136.3 km, defined here as the upper reach. The river bed level changes
from 165 to 168 m within the study reach. (Figure 4.16 a.).
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Figure 4.16: Characteristics of flow variables: a. Water surface and river bed profiles in the
study reach, b. Velocity distribution along the river (Q = 500m?3/s); ¢. Bottom
shear stress increasing with discharge.
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Profiles The profiles measured in 1972, 1974, 1981, 1988, 1989, 1991, 1993, 1994 are
used for the calibration of the sediment transport model. The profile of 1973 (combination
of the profiles of 1972 and 1974) is used for the initial river geometry in the calibration.
The whole calculation domain of 11 km from the station of Besigheim to the Lauffen
Reservoir is divided into 12 stream tubes and a number of cross sections with a constant

spacing of 50 m.

The sediment mass balance resulting from bed profiles measured over the calibration
period, from 1973 to 1994 are given in the Table 4.6.

Deposition volume | Deposition volume
Period (125.2 - 130.0 km) | (130.0 - 136.3 km)
103m3 103m?

1973 - 03.1981 -47 -12.8
03.1981 - 03.1984 -102 -43.00
03.1984 - 08.1989 153 -32.61
08.1989 - 06.1991 -125 -4.07
06.1991 - 08.1992 16
08.1992 - 03.1993 -45 10.64
03.1993 - 10.1994 -12 -21.47

Table 4.6: Balance of sediment volume based on the measured profiles

Calibrated parameters

The following model parameters were adjusted to fit the simulated volume of deposited
sediment to the profile data:
e Erosion coeflicient M,
e Sedimentation coefficient T}, used to determine the initial condition for deposition,
e Critical shear stress for erosion, 7.5

All other parameters used were determined directly from the field and laboratory data,
as shown in the Table 4.7



108 Chapter 4: Model test and application

parameter symbol unit value
density of fluid P ML 1000
kinematic viscosity v MLT 0.0000101
sediment density Ds ML 2650
sediment bulk density Op ML3 1800
grain diameter d L 0.02
sediment fall velocity W, Lr! 0.000345
critical shear stress of erosion, freshly deposited sed- Tes MLt 0.5
iments

critical shear stress of erosion, old deposited sedi- Teo MLt 3-20
ments

longitudinal dispersion coefficient B 0.8
lateral dispersion coefficient B, 0.8
coefficient (eq. 3.2.36) a 0.6-0.24
erosion parameter M ML™2T-1| 0.00075
sedimentation coefficient Ti 0.005

Table 4.7: Parameters used for the model calibration

According to the model calibration, an erosion coefficient of

M = 0.00075

and a sedimentation coefficient of

Ty = 0.005

yield the best results.

In the Lauffen Reservoir the river bed material is composed of cohesive and non-cohesive
fine sediments, sand and gravel (with the diameters of 10 — 80um, 80 — 200um, 600 —
2000um and 2 — 20mm). Cohesiveness of the very fine particles causes deposited sediment
consolidation and compaction with depth and time. It has been observed that only a finite

amount of material can be eroded from a fine-grained cohesive sediment bed under a given
bottom shear stress [50, 42, 187, 188]. This bottom shear stress is much greater than the
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critical erosion shear stress of non-cohesive particles with the same size. The critical shear
stress of cohesive fine sediments is related to the time elapsed since deposition and appears
as time-depended compaction. Experiments show that within the first 7 days of deposition
the critical shear stress for erosion increases. After 7 days this critical shear stress reaches
a maximum value, then remains constant [148] (Figure 4.17). This process is referred to
as bed armoring and has been observed and quantified in flume and field experiments by
Parchure and Mehta (1985) [104], Tsai and Lick (1991) [148], Graham et al. (1992) [47],
Hawley (1991) [50].

Resuspension of sediments
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Figure 4.17: Critical shear stress of cohesive sediment. After Tsai and Lick (1987) [148].

In order to compute the suspended sediment transport in the Lauffen Reservoir, the inclu-
sion of both the cohesive and non-cohesive sediment particles in simulation is necessary
because 80% of suspended sediment is cohesive, and the remaining part is composed of
non-cohesive silt, sand and gravel.

To consider the effect of consolidation of cohesive sediments, a two-layer model is applied.
The state of consolidation and the compaction in each layer varies with time. The river bed
is divided into two layers (Figure 4.18). The top layer contains the sediments deposited
within the last 7 days, the lower one sediment older than 7 days. The former is named the
top layer and the latter is called the low layer. The sediments under the bed surface of
the original 1973 profiles are considered as older deposition and are included in the under
layer.
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Figure 4.18: Scheme of the two layer sediment model.

The top-layer of material is composed of cohesive and non-cohesive fine sediments. The
critical shear stress is determined as the mean value of critical shear stress in the first 7
days after it was deposited. The critical shear stress was studied experimentally by Kern
[62]. The top layer of sediments has a density that varies from 1347 to 1422 kg/m? and
a critical shear stress within the range of 0.5 - 1.3 N/m?2. Values between 0.5 and 1.25
N/m? are used for the top layer in the calibration. If the variation of the critical shear
stresses with time is represented by a parabolic line, the corresponding maximum value
of the critical shear stress is about 1.5 -3.75 N/m?.

The lower deposition layer includes consolidated fine cohesive sediments, non-cohesive fine
sediments, sand and gravel. Its critical shear stress is determined as a value that takes
into consideration the consolidation effect of cohesive fine sediments and armoring effects
caused by sand and gravel. For the lower deposition layer the best model calibration was
obtained using a critical shear stress in the range of 3 - 25 N/m?. In the upper reach of
the study region the larger values for critical shear stress were used because of a large
amount of sand, gravel on the river bed surface.

It should be pointed out that the calibrated critical shear stress along the river course
nearly coincides with that of the bottom shear stress corresponding to a discharge of
about 500 — 600 m?/s. The bankfull discharge has a recurrence interval 1.5 years [80]. In
the study river reach the occurrence frequency of overbank discharge is 700 m®/s [62).
The bankfull discharge is the ‘channel-forming discharge’ [5], which occurs and forms the
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channel.

Results of calibration and analysis

Distributions of suspended sediment concentration The concentration distribu-
tions in longitudinal and transverse directions in the study reach were measured on
23/11/1992 and 02 - 08/03/1994. The calculated concentration profiles are compared
with the measured data shown in Figure 4.19 - 4.20. Figure 4.19 shows the concentration
profiles calculated and measured on 23/11/1992 along the river centerline at a discharge
of 274 m®/s. Because the Enz River enters at the left bank of the River Neckar at Be-
sigheim, the concentrations of suspended sediment at this cross section in the two rivers
are different and a larger lateral concentration gradient exists. In this area a large amount
of lateral dispersion of sediments occurs in a certain distance. The concentration in the
river center decreases from 220 mg/! to 160 mg/! within the distance of 1 km downstream
of the confluence. It increases from 40 mg/! to 150 mg/! within the reach of 3-4 km along
the left bank. This can also be seen in Figure 4.21.
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Figure 4.19: Comparison of calculated concentration profiles of suspended sediment with the
data measured at 23/11/1992.
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Figure 4.20: Comparison of calculated lateral concentration distribution of suspended sediment
with the data measured at 07/03/1994 and 08/03/1994.

The calculated lateral concentration distribution is compared with the distribution mea-
sured on 07-08/03/1998 in Figure 4.20. In the area between 135.0 and 136.3 km, the
model reproduced the changes in lateral dispersion of suspended sediment concentrations
measured in the river. At the station at 134.0 km, the computed concentration is a little °
larger than the data measured on 07/03/94/. At this section the lateral distribution of
concentration is approximately uniform,

Figure 4.21 a. shows the two dimensional distribution of suspended sediment concentra-
tions for a discharge of 274 m3/s. The sediment concentrations coming from the Enz River
and the River Neckar are very different, the lateral distribution of the concentration at the
Besigheim is non-uniform. The larger lateral dispersion of sediment due to the differential
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concentration occurs. Figure 4.21 b. illustrates the grid for computation, in which the
element boundaries in the longitudinal direction coincide with the boundaries of stream
tubes.
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Figure 4.21: a. Concentration distribution of suspended sediment calculated, b. Grid for com-
putation.

Mass balance of suspended sediment transport Over the 22-year period used for
calibration, many flood events occurred. During these floods a large amount of sediment,
as both bed-load and suspended load, was transported into the study reach. Some of
this sediment was deposited in the sand and gravel trap near Besigheim between 135.7
and 136.3 km, while the rest was transported further downstream. During the floods,
flow in the upper reach between 130.00 and 136.3 km can carry a larger sediments as
suspended sediments. For example, sand with a diameter of 2 mm is expected to be
carried in suspension when the discharge is beyond 300 m®/s because the parameter of
2 jg smaller than 2.0. Therefore, in this reach the deposited sediments contain larger

wlx
particles.
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Figure 4.22: Comparison of the calculated and measured data: a. Changes in average river bed
elevation; b. Changes in the minimum river bed elevation; ¢. Changes in cross-
sectional area; d. Changes in bankfull cross-sectional area over the calibration
period, from 1973 to 1994.

During the calibration period, from 1973 to 1994, the sediment inflow was evaluated as
6.78 - 10° m® and outflow as 4.03 - 108m®. According to the profile data measured in 1973
and 1994, 166 - 103 m3 of sediment was eroded between 125.2 and 130.0 km and 88 - 103

m3 between 130.0 - 136.3 km.
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The comparisons of the calculated sediment volume with measured data have been carried
out. The total mass balance calculated is in good agreement with the data measured
according to the measured bed profiles between 1973 and 1994. The erosion volumes
account to 167.16 and 166.74m?3 in the reach from 125.2 to 130.0 km, and 90.51 and
88.63 m?3 in the reach 130.0 to 136.3 km. Over the 22-year period calibrated, the model
predicted that 255 - 102 m® of bed material would be eroded from the Lauffen Reservoir.

Figure 4.22 shows a comparison of calculated results with measured data, including
changes in average bed elevation, bankfull cross-sectional areas and the minimum of the
river bed elevation. Agreement between observation and simulation was found to be good.
The results in Table 4.9 and 4.8 were quite satisfactory.

Changes in average river bed elevation, m
Station | 1973 [ o0t (meas.) | 1994(cal.) | AY [m](meas.) | AY [m](cal.)
133.000 | 165.730 165.659 165.560 -.170 -.071
132.000 | 165.747 165.639 165.870 123 -.108
131.000 | 165.250 165.272 165.220 -.030 022
130.000 | 163.070 162.754 163.200 130 -.316
129.000 | 164.050 164.406 164.020 -.030 .356
128.500 164.470 164.317 164.410 -.060 <153
128.000 | 164.170 164.081 164.540 370 -.089
127.000 | 162.600 162.579 161.920 -.680 -.021
126.000 | 164.160 163.809 164.040 -.120 -.351
125.500 | 164.540 164.180 163.850 -.690 -.360
125.200 | 161.640 161.602 161.550 -.090 -.038

Table 4.8: Change in avérage river bed elevation in the Lauffen Reservoir from 1973 to 1994.

The figures above indicate that the model can predict the net erosion and net sediment
amounts with reasonable accuracy. The accuracy of the sediment transport model was
quantified using the absolute value of relative error (eq. 4.2.1) of river bed changes. The
average relative error of the changes in the cross section areas for all of the study domain
was 4% with a range from 0.1% to 15%.

Analysis
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changes in bankfull cross section area | bankfull cross section area
station 1994(measured) 1994(calculated) 1973(measured)
133.000 1.75 : -2.77 401.9
132.000 3.82 -9.26 4475
131.000 12.75 -3.64 478.4
130.000 32.57 13.90 620.6
129.000 47.78 23.42 634.4
128.500 13.28 -16.83 701.0
128.000 17.42 -8.16 806.6
127.000 21.26 -64.94 7747
126.000 -23.63 -47.49 772.2
125.500 -3.56 -85.16 813.8
125.200 13.68 -72.88 770.1

Table 4.9: Changes in bankfull cross-sectional areas (in m?) in the Lauffen Reservoir from
1973 to 1994.

Relationship of discharge, bottom shear stress and deposition and erosion rates
When discharge is greater than a certain value, the bottom shear stress is larger than the
critical shear stress of erosion, and erosion takes place. In the calculation domain this
value was about 500 - 600 m?/s. The probability of a discharge larger than 550 m3/s is
about 1.4% according to data measured from 1950 to 1994 at the study field. This means
that over one year erosion will only occur for about 4.5 days. The relationship between
discharges, erosion and sedimentation rates are shown in Figure 4.23 a. and b.

The deposition rate depends on the concentration of suspended sediment and the rela-
tionship of bottom shear stress and the initial condition of deposition. According to the
calculation, the deposition takes place rapidly at all flow rates at the downstream reach.
The deposition rate first increases up to a maximum value with increasing discharge and
then decreases with increasing discharge (Figure 4.23 b.). The reason for the decrease in
the sedimentation rate may be that the discharge is large enough to keep sediments in
suspension.

Erosion coefficient and deposition parameter The erosion rate is sensitive to the
erosion coefficient, M, and critical shear stress, 7. g, (eq. 3.2.32). The erosion rate increases
with increases in the coefficient M and decreases with increasing critical erosion shear
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Figure 4.23: Relationship of discharges, deposition and erosion rates along the river centerline.

stress. The comparison showed that as M increased from 0.0014 to 0.0015, the calculated
erosion volume increased from 110 - 10° m3 to 139 - 103 m?® (by 26%) for the 22-year
calibration period. In principle, critical shear stress can be determined by the sediment
type of the river bed. The erosion coeflicient is often difficult to determine and it should
be determined by experiments or calibration calculations.

The sedimentation rate is related to concentrations, particle fall velocity and the critical
shear stress required to initial deposition of suspended sediments. The critical shear stress
is sensitive to the parameter T},

1 pg—pghu,C
Te,S 14 U

As Ty, increases, the sediment transport capacity of flow increases and deposition decreases.
The influence of T, on the change of river bed elevation is considerable. A good calibration
should be detailed for these parameters. Our calibration here is limited to the original
field data and more detailed analysis have not yet been done.
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Number of stream tubes The selection of the number of stream tubes is related to
the research problem and the geometry of the study region. Since at Besigheim a large
non-uniform lateral concentration and two sharp river bends exist in the research reach,
12 stream tubes are used for simulating lateral mixing, non-uniform lateral distribution
of the concentrations and sedimentation and erosion. In order to investigate the influence
of the stream tube number on the calculation results, a computation with 4 stream tubes
was made. Comparison of results for 12 stream tubes (case 1) with that for 4 stream tubes
(case 2) shows that the calculated deposition volume in case 1 is larger than that in case
2 during the 209-day period (1994), that included one flood event. The reason may be
that the calculated water surfaces have a large difference in the large discharge stage for
these two cases. The computation results are given in Table 4.10. The calibration of water
surface elevations for case 2 has been done. After calibration the difference of the results
for case 1 and 2 decreases considerably. However a large difference in deposition volume
still exists between these cases.

number of | Water surface elevations (136.3 km [m + NN]) | Deposition
stream tubes | 183* 630 1052 1382 1008 283 volume [m?]

12 170.31 172.20 173.68 174.64 17353  170.76 39 090
4 170.32 172.27 173.97 175.07 173.73  170.75 10 620
4 170.25 172.05 173.66 174.76 17346  170.65 25 040

* Discharge in [m3/s]

** Corrected water surface

Table 4.10: Influence of the number of stream tubes selected on the calculated total
sediment volume and the calculated water surface level for different discharges
varying with time.

Prediction of the bed change in the Reservoir Lauffen in 50 years

The stream tube flow model and the suspended sediment transport model were calibrated
using the field data in the Lauffen Reservoir, between 125.2 and 136.3 km. The 22-year
simulation of suspended sediment transport in the Lauffen Reservoir indicated that the
suspended sediment transport model can reproduce the lateral dispersion and distribution
of suspended sediment concentration, and simulate the changes in river bed elevation, and
the net erosion and net sedimentation areas with reasonable accuracy. These results prove
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that the suspended sediment transport model can be used to confidently predict future
changes in river bed elevations due to erosion and deposition.

Prediction of hydrograph in 50 years, from 1995-2045 A long term prediction
of suspended sediment transport is an important objective in numerical modeling of the
evolution of river morphology. River morphology changes are dominated by discharges. A
long time series of discharge is necessary for prediction.

The hydrologic variable, discharge, is recorded as a time series. For example, a daily series
of discharge is often considered as a realization of a stochastic process. With the help of
models of the time series, one can obtain the future values of the series. These predicted
values will have a similar stochastic profile as the original measured series.

For the prediction of changes in river bed elevation in the Lauffen Reservoir, the discharge
for the next 50 years is predicted by the stochastic method (TIPS-structure, Yevjevic,
1984, 1987). In the method of TIPS, the daily precipitation and daily runoff series has
four basic structural characteristics: tendency, intermittency, periodicity and stochasticity.
A prediction value is generated by a sum of the effects of the four terms.

In the present work the model of GENESIS (Generation of Simultaneous Stream Flows;
Kron, 1996 [69]) is used to predict daily discharge for long-term simulation of suspended
sediment transport in the Lauffen Reservoir.

The time series of discharge between 11/1949 and 10/1994 measured at the gauging station
at Lauffen was used to generate the daily discharge for the following 50 years. 10 daily
discharge series were generated by Kern [62]. Among these 10 generated daily discharge
time series, the one with the second largest peak discharge during the 50-year period was
selected for the prediction modeling.

6

Prediction results The total deposited sedimentation volume in the study reach during
the predicted period, from 1995 to 2045 is shown in Figure 4.24. The sedimentation volume
increases during low discharge and rapidly decreases during the flood events. Over this
period about 1.1-10% m? sediment is eroded from the study reach. It is much larger than
the value evaluated according to the eroded volume over the calibrated period. However,
it is reasonable, since the maximum daily discharge used (1745 m®/s) was larger than
the maximum daily discharge (1490 m?/s) during the calibration period. The predicted
results are sensitive to the peak discharge of the generated daily discharge series but not
to the total discharge runoff [62]. This indicates that the model works realistically and
accurately. Figure 4.24 gives two curves corresponding to the river reach from 125.2 to
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130.0 km and from 125.2 to 136.3 km. The difference between two curves shows the volume
deposited in the reach from 130.0 km to 136.3 km.
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Figure 4.24: Deposition volume versus time during the prediction period.

Changes in river bed elevations and water flowing areas are given in Figure 4.25. The
average decrease in the river bed level over the whole research region is about 1 m and
the average increase of the cross section area is 110 m?. The cross section area increased
by a mean value of 23 m? according to the measured profile data of 1973 and 1994. The
predicted average change in cross section area for 1995 - 2045 is 4 times as large as the
measured data for 1973 - 1994.

Prediction of the deposition volume on the flood plains

When overbank flow occurs, there exists a transfer of momentum between the deep, faster
flow of the main channel and the shallow, stow flow of the flood plain. The energy transfer
is accompanied by suspended sediment flux from the channel to the flood plains. Here
rapid settling occurs as flow velocity and transport capacity diminish.

The proportion of the length of flood plains to the active channel varies with river type
and planform. Within the 11 km long study domain of the Lauffen Reservoir, there is a
river reach of 5 km with flood plains. A large flood plain area exists in the reach from
133 km to 130 km with two bends. A calculation of sedimentation volume deposited on
the left and the right flood plains over a 5-year period including 3 floods events has been
made. The dispersion coefficient obtained by filume study of James were used. The other
parameters are the same as those used in the model calibration.

Figure 4.26 shows that sedimentation on the flood plain occurs only when the discharge
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Figure 4.25: Comparing the calculated and measured data: a. Changes in the average river bed
elevation; b. Changes in the minimum river bed elevations; ¢. Changes in cross-
sectional area; d. Changes in the bankfull cross-sectional area over the prediction
period, from 1995 to 2045.

exceeds 600 m3/s. This discharge has a frequency of 1.45 years. The predicted value is
nearly the same as the value of the discharge observed on the field [80, 120].
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Since there is few measured data on deposition on the flood plains in the River Neckar, a
comparison of calculated with measured results has not been made. However, the deposi-
tion tendency on the flood plain can be clearly seen. According to the calculation over the
study period the deposition volume on the left and the right flood plains was estimated at
about 2800 and 6100 m?, respectively. The total sediment inflow at the upstream bound-
ary during three flood events is 0.57 - 10¢ m3, about 47.1% of the total sediment inflow
over the predicted 5 years, being 1.2 - 108 m3. 1.6% of sediment inflow during the flood
events was deposited on the flood plains.

A maximum volume of 52 m? is predicted to be deposited on the right flood plain within a
spacing of 50 m near the station of 130.4 km (Figure 4.26). At this cross section the water
surface width of the right flood plain is 70 m and the corresponding average deposition
height is 15 cm. The maximum total sediment height over the 5-year period is about 15 cm
and the average accumulation rate is about 3 cm per year. The maximum deposition height
appears at the station at 129.8 km during the flood of 1989. The maximum sedimentation
rate is about 0.003 kg/m?s at the station at 132.22 km with a discharge of 1300 m?/s
during the flood of 1994.

Figure 4.26 shows that ercsion rarely takes place on the flood plain with the exception of
the station at 130 km on the left flood plain. This may be because the flow strength, the
criterion for erosion, is too low to erode sediments from the river bed on the flood plains.
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Figure 4.26: Characteristics of overbank flow and calculation of sediment deposition on the
flood plaiﬁs from 1989 to 1994: a. Hydrograph over the calculated period; b.
Total deposition volume on the flood plains; ¢. Maximum water surface width of
overbank flow; d. Maximum deposition volume on the flood plains; e. Maximum
deposition height from 1989 to 1994.
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4.2.4 Investigation of selective transport of nonuniform sedi-
ment mixtures

The Lauffen Reservoir on the River Neckar is used here to prove the capability of the
numerical model for simulating transport, sedimentation and erosion of nonuniform sedi-
ment mixtures accounting for the sorting effect in river channels. Since bed material in the
area between 125.2 and 130.0 at the Lauffen Reservoir contains a large amount of cohesive
silt, it is not appropriate for the calibration of the nonuniform suspended sediment trans-
port model. However, in the reach between 130.0 and 136.3 the bed materials contains
no fine cohesive sediments and therefore can be used for the model study. Here the study
focuses on the property of fractional suspended sediment transport without consideration
of fine cohesive grains. The trend of grain size distributions on the bed surface and in the
transported material are predicted for the whole Lauffen Reservoir. The results for the
reach from 130.0 to 125.2 km can only be taken as an approximation. Nevertheless, it is
worth understanding the selected transport process for sediment mixtures.

Description of input data
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Figure 4.27: Measured grain size distribution of bed material in the Lauffen Reservoir.

The data of the Lauffen Reservoir have already been given in Section 4.2.1. The grain size
distribution of the bed material is given in Figure 4.27 [64, 89, 88]. Grain size distributions
of suspended sediments were collected by U. Kern [64] for lower discharge stages. The
median diameter measured for suspended sediment is 0.02 mm for discharges ranging
from 43 - 264 m?3/s. There is a lognormal grain size distribution of suspended sediments
for normal discharges (Figure 4.28).
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Figure 4.28: Measured grain size distribution of suspended sediment load in the Lauffen Reser-
voir. After Kern {64].

The grain size distribution of sediment inflow for the low discharge stage is determined
according to the field data. It is extended to large discharges based on the assumption that
the grain size distribution is lognormal for high discharge stages. The largest particle in
suspension during flood periods is taken as the upper limit of the grain size distribution.
The median diameter of sediment inflow for the large discharge of 1350 m3/s is 0.08 mm
and for low discharges of 350 m?/s is 0.02 mm. For discharges smaller than 350 m®/s the
same median diameéter of 0.002 ¢m is used in the computations (Figure 4.29 and 4.30).
The values of o, for discharges of 1350, 1000, 700, 350 m?/s are 1.1, 1.0, 0.83 and 0.71,
respectively.

Since only a few samples of the bed material were analyzed, the original grain size distri-
bution of the bed material was assumed for the entire study reach. The grain sizes vary
from 0.001 to 3.5 mm, asshown in Figure 4.31 and were divided into 7 size fractions.

Suspended sediment transport is calculated for the 12/1993 flood event. The largest dis-
charge was 1335 m?/s. The hydrograph is shown in Figure 4.32.

Calculation results

Grain size distributions in eroded and active-layer material Figure 4.33 de-
scribes the relationship of discharges and grain size distributions in eroded and active-
layer material. In Figure 4.33, p, and py, are the percentage of eroded and bed material
for grain size fraction n. The difference of grain size distributions between the eroded
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Figure 4.29: Evaluation of the grain size distribution of suspended sediment inflow according
to measured data.

100 o

. 8 AT

5 % v 4350
Z 60 e e EESEEEEE 4500
S‘ /r //// /.;’ P q800
g 40 A 41000
g_) 20 /,?//,/ e 1360

¢} el -
107 10" 10°

0
Grain size [mm]

Figure 4.30: Grain size distributions of suspended sediment inflow used for computation.

material and the bed material clearly decreases with increasing discharge. The former is
always finer than the latter. Another factor affecting this difference is the sediment supply
of the grain size fractions in the active layer.

Since finer particles are more easy to erode than coarser ones, the composition of bed
material gradually coarsens and fine sediments are transported downstream where they
may be deposited there. The result of this is that the composition of material in the
active layer aloﬁg the river course gradually becomes finer downstream. This evolution of
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Figure 4.31: Original grain size distribution of bed material assumed for computation.
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Figure 4.32: Hydrograph of the flood 1993.

the sediment composition in the active layer becomes more and more evident with time
(Figure 4.34 and 4.35. The median diameter of bed material decreases from upstream to
downstream reaches due to sorting (Figure 4.36).

The variations in the transverse grain size distributions of bed material are small. The
cause may be that the transverse velocity distribution is relatively uniform. The larger
difference of lateral grain size distributions is only found in the section of the river reach
with curves. The distribution of bed sediment in the river center and near the river bank
at 130.0 km and the corresponding cross section profile are given in Figure 4.37. One
can see that the water depth near the right bank is smaller than at the river center. The
median diameter of bed material is 0.045 mm in the river center and 0.03 mm near the
left bank.

Deposition and Erosion Volume To investigate the effects of selective transport
on the river morphology, grain size distributions of bed material are predicted for three
subsequent flood events (with each flood lasting 81h). The results show that the grain size
distributions of bed material vary considerably. The composition of active-layer sediment
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Figure 4.33: Influence of discharges on the grain size distributions of active layer material and
eroded material.
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Figure 4.34: Grain size distributions of the active-layer material along the river varying with
time.

becomes coarser with time. It lowers the mobility and the availability of sediment and
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Figure 4.35: Grain size distributions of eroded and active-layer material at selected locations.
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Figure 4.36: Longitudinal distribution of the median diameter of the active sediment layer
after the flood 1989.

results in decreases in erosion volumes (Figure 4.38). The erosion volumes during each
flood period decrease with time, e.g. 111 10%m3, 42 - 10°m3 and 10-103m? after 1st, 2nd,
3rd simulation flood, respectively. For a given discharge the erosion rate is considerably
decreased at the end of the computation comparing with the data at the beginning (by
47% for Q = 420 m?/s during the first-flood simulation) due to grain size sorting in the
active-layer material.

Grain size distribution of suspended sediment load To verify the predicting ca-
pability of the nonuniform sediment transport model, the comparison of measured and
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Figure 4.37: Lateral grain size distribution of bed material after the 81-hours calculation.
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Figure 4.38: Effect of selective transport on the erosion volume.

predicted grain-size distributions of the suspended load have been made (Figure 4.39).
The field data were measured during low water stages (Q = 43--264m3/s) at the station of
125.2 km. The simulations showed that the computed distribution curve of the suspended-
load is within the bounds of the measured curves. The computed and measured median
grain diameters compare well (0.02 mm-computed and 0.022 mm measured). However,
for the fraction finer than 0.010 mm, the computed percentages of 25% of suspended-load
differs from the measured quantity of 15%. The computed distribution is slightly finer
than the mean measured distribution in the field. The reason may be that the high degree
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of consolidation of bed material at this position was not in consideration.
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Figure 4.39: Grain size distribution of suspended sediment load at the station 125.2 km on the
River Neckar.

The calculation results above indicates that selective transport plays an important role
in nonuniform sediment transport processes. It affects the river morphology by changing
the compositions of bed material and suspended sediment. Selective sedimentation re-
sults in that fine sediment is accumulated on the flood plains and in the reservoirs which
will affects the effective storage of reservoir and environmental problems may arise when
pollutants are bound to sediments which may be resuspended and transported during
future flood events. Selective erosion results in gradually coarsening of sediment particles
on river bed surfaces, which protects the under-laying material from movement and de-
crease erosion at depth. Resistance to flow and water depth vary with changes in friction
resistance, as a result of changes in bed material compositions. The present model has
an ability for predicting selective transport processes under unsteady flow condition. It
can give reasonable prediction and can describe the effect of selective transport on river
morphology.
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4.3 Sediment exchange between the stream and the
dead water zones

4.3.1 Lateral exchange

A two dimensional convection-dispersion equation of suspended sediment transport con-
sidering the effects of a dead water zone can be represented as:

OHC | BuhC  BuKC _ D

+ + Ky oc 0 ocC
ot ox dy Oz  dx

) + 5; (hDyé?y'

Y+ E-S+@* (4.3.2)
where * is mass exchange rate between the main stream and the dead water zones. A
negative value of @* denotes particle transfer from the stream to the dead water zone. A
positive value describes the flux in the opposite direction. The other variables are the same
as ones in eq. 3.2.29. The variable, @, is related to changes in concentration, sediment
and erosion. The formulae used to determine @Q* and the other flow variables for the two
cases, with and without submerged groynes, are given in Table 4.11.

. low discharge high discharge
variable without submerged groynes with submerged groynes
case a case b and ¢
Uy 0 >0
Sy CU%Cg wsClrg(1 — T_:égf_g)
; T
E, 0 M (rc,s;g 1)
Qo UA(C~C)) D.4(C — Cyy)
 or Lta eUA(C - Cy) + CULC, D.o(C = Cpy) +(UGCyy — M(;7L2- 1)

Table 4.11: Formulae to describe flow, particle exchange, deposition and erosion within groyne
fields.

In Table 4.11, U is the velocity, V is the water volume in the dead water zone, A is
the interface area through which sediments transfer from the stream to groyne fields
or otherwise, O is the horizontal area of the dead water zone, ( is the sedimentation
parameter in groyne fields, ¢ is the transfer coefficient between the stream and the dead
water zone, w, is the sediment fall velocity, and 7,57, and 7. g, are critical shear stresses
for sedimentation and erosion in the groyne field and on the flood plains. The subscript g
denotes the groyne field and f denotes the flood plain.
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The transfer of mass and momentum occurs at/near the interface between the stream and
the groyne fields. Westrich (1977, 1990) [166, 168] suggested that the transfer coefficient
of pollution between the stream and the dead water zone be 0.0005 - 0.003. The Alarm
model [137] suggested that the coefficient & be equal to 0.001. Van Mazijk (1996) suggested
that the value of € be related to flow and pollution velocities and a lag coefficient, which
was defined as a ratio of cross section areas of the main stream and the dead water zone.
For Peclet numbers larger than 10, he suggested values of 0.01 - 0.0001 for .

4.3.2 Case study
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Figure 4.40: Influence of mass exchange coefficients between the stream and dead water zone
on the sediment concentration distribution.

The sediment exchange between the main stream and the groyne fields near the bank, as
well as deposition and erosion in the groyne fields are calculated for non-submerged and
submerged groynes (case a. and case b.). A channel with a rectangular cross section and
groynes located along the right bank (Figure 4.40) was considered. The study reach is
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4000 m long and 200 m wide. Groynes are 50 m long and 2'm high. The stream without
groyne fields is divided into 41 sections and 12 stream tubes. A concentration of 1 kg/m?
with a uniform lateral distribution was used at the upstream boundary

Several calculations with different mass transfer coefficients, e, for case a. have been made,
as shown in Figure 4.40. The results indicate that the concentrations and sedimentation
rates in the groyne field increase with transfer coefficients under a given deposition pa-
rameter, {. The larger the transfer coefficient is, the larger the concentration in the dead
water zone and the larger the sediment volume transferred from the main stream to the
groyne fields. The concentration in the main stream increases due to erosion along the
flow direction and thus the concentration in dead water zones also increases.

Case b.
a. b. ..
0r a_a 0.008 :
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Figure 4.41: Sediment concentration distribution under the condition of a high erosion rate in
the groyne field.

Figure 4.41 shows the calculation results for case b. In this case, the groynes are sub-
merged and erosion in the groyne field takes place. Since sediment is eroded from the bed
within the groyne field, the concentration in this zone is larger than that in the stream
and sediment is transferred from the groyne field into the stream. Lateral dispersion of
concentration in the stream can be seen in Figure 4.41c.
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Chapter 5

Conclusions and proposals

5.1 Conclusions

River sediment transport processes are often disturbed by natural and human activi-
ties, which interferes the natural equilibrium of river channels. During restoration of
equilibrium, sediment deposition and erosion often occur. To describe changes in river
morphology many numerical models have been developed. The present work investigated
the sedimentation and erosion processes in rivers and developed quasi two-dimensional
suspended sediment transport models for uniform sediment and nonuniform sediment
mixtures. The validations and limitations of the models were studied using data from the
physical model tests of James, Samaga and Tsinghua University and by application to
the River Neckar. The main conclusions can be summarized as follows:

1. The quasi two-dimensional numerical models for uniform and nonuniform sediment
are useful tools for simulating suspended sediment transport processes in rivers. The
computation grid and the natural orthogonal curvilinear coordinate system can be
automatically generated during the flow calculation with fixed or moving bound-
aries as discharge changes. This coordinate system avoids the difficulties in dealing
with wet-dry boundary problems found when Cartesian coordinate is used to repre-
sent a two-dimensional model. It was shown that hydraulic variations calculated by
the stream tube model are generally acceptable in simulating river morphological
changes for engineering purposes. The mass balance is almost certainly satisfied on
each control volume, since the FVM was used for solving the convection-dispersion
equation for sediment transport.

2. The uniform sediment transport model was applied to an 11-km reach of the Lauffen
Reservoir on the River Neckar. A two-layer model was developed to deal with the
complicated composition of bed material, which includes cohesive and non-cohesive
soil and coarser bed material. The transport model was calibrated using field data
and was then used for predicting river bed changes over a 50-year period, from 1995
to 2045. The prognosis simulation suggests that future bed-evolution will depend
strongly on the peak value of discharge rather than the total runoff volume during
flood events.
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3. In the stream tube flow model, the river is divided into stream tubes whose bound-

aries are lines with g,==constant. It can describe a real flow field for an approximately
straight river reach. For a river reach with sharp bends or flood plains, the applica-
tion of the stream tube flow model is limited due to existence of secondary currents.

To consider sediment dispersion caused by secondary currents at the interaction
zone between the main channel and the flood plains a formula for calculating such
dispersion was developed in the transport model. The grid was refined in the inter-
action zone to better reflect dispersion in this area. These improved the transport
model by making it more applicable and suitable for simulating changes in morphol-
ogy for river reaches with flood plains. Prediction of sediment accumulation on the
flood plains at the Lauffen Reservoir between 1989 and 1994 was carried out using
this model. The results show that 1.6% of sediment inflow during the three flood
events is deposited on the flood plains. Deposition on the flood plains occurs only
when the discharge exceeds 600 m3/s. This discharge has a frequency of about 1.45
years, which is nearly identical to the field value observed (1.5 years).

. The derived fractional erosion formula for simulating nonuniform sediment trans-

port, including considerations of the stochastic nature of incipient motion, available
bed material, suspended sediment concentration and fluctuating bed shear stress, is
satisfactory for simulating selective transport processes. The successful tests using
the data of Samaga’s flume experiment and Tsinghua University’s physical model
are convincing examples.

The mathematical formulations for nonuniform sediment transport used in the
model, which include selective transport, fractional erosion and sedimentation, the
concept of the active layer and bed material sorting procedures, work well for un-
steady flow conditions. The field study at the Lauffen Reservoir indicated that se-
lective transport varies temporal and spatial grain size distributions of suspended
sediment and bed material with changes in flow conditions, which directly influences
sedimentation and erosion rates and changes river geometry.

. The transport model for uniform sediment is appropriate for simulating or predict-

ing long-term changes in river morphology. The uniform sediment transport model
uses one representative grain diameter for both suspended load and bed material
and hence is suitable for simulating river bed changes where the bed material con-
tains slightly graded sediments. However, sediment in natural rivers is composed
mainly of nonuniform sediment. Selective transport, fractional erosion and deposi-
tion, dominates nonuniform sediment transport processes. It affects changes in river
geometry by varying the compositions of bed material and suspended sediment. A
nonuniform sediment transport model is a useful and essential tool for river man-
agement purposes to investigate the effect of selective transport, improve our grasp
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of this physical process and predict changes in river geometries realistically and cor-
rectly. A nonuniform sediment transport simulation requires more computer storage
and computation in comparison with the uniform sediment transport simulation.
With the fast development of computer technology these difficulties may soon be
overcome.

5.2 Proposals

The tests and applications of the transport models for uniform and nonuniform sediment
show that the models are widely applicable and suitable for simulating morphological
changes in rivers. However, the models can be improved to increase the accuracy of pre-
dicted results through the following work:

e Sedimentation on flood plains results from sediment exchange due to convection and
dispersion at the interface between the main channel and the flood plains. It will be
necessary to carry out experiments to determine the coefficient, ¢, in the sediment
dispersion formula.

e Frictional resistance will vary with composition changes in bed material during the
sorting procedure. Resistance to flow influences the calculated water surface level
which in turn influences the sediment transport simulation. It is essential that a
variety of frictional resistance values be used where the bed material is obviously
sorted, coarsened or fined.

e The model presented here could possibly be improved by also considering bed-load
transport in the transport model. In natural rivers the bed-load component can
be significant. Most of the river bed material consists of largely graded sediments.
Selective transport has an extreme effect on the nonuniform sediment transport
process and changes in river morphology. For example, bed armoring, one of the
more important consequences of selective transport, limits erosion amounts. This
may form a stable coarse armor layer and generate a corresponding stable bed
slope.
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