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Preface 

 

 

Given my fascination for mountainous areas, it was a rather daring action to start a PhD research 

on lowland river dynamics, but I have never regretted the choice. Rivers, their landscapes, 

morphology and deposits turned out to be equally enthralling as mountains. In the past four 

years, I worked on this thesis with much pleasure and I am happy to present the result to you. It 

benefited from the help of many, and I greatly acknowledge them all. 

In the first place I thank my promotores and co-promotores: Ward Koster, Leo van Rijn, 

Maarten Kleinhans and Janrik van den Berg. They always showed confidence in the project, 

allowed me to develop own research directions, provided research ideas and spent a lot of time 

reviewing my manuscripts. I am especially indebted to Maarten Kleinhans, whose enthusiasm, 

energy and great reading formed a continuous source of motivation for me.  

I am indebted to Rob Ferguson, Emil Gölz, Huib de Vriend, Wilfried ten Brinke and Jan 

Ribberink for kindly accepting the invitation to become members of the examination committee 

for my PhD defence. Rob Ferguson furthermore minutely reviewed several chapters of this thesis 

and gave valuable comments.  

Rijkswaterstaat funded most of the research, provided data and turned out to be a pleasant 

and helpful project partner. I deeply appreciate the effort and commitment of the measuring crew 

during the harsh weather conditions of the discharge waves. Together with Wilfried ten Brinke, 

Leonie Bolwidt, Peter Jesse and Arjan Sieben I discussed the results of the field campaigns and I 

thank them for all the organisational work they did. 

I also thank the other members of the “Morphological Triangle” (NCR), especially the 

Geological Survey of the Netherlands (TNO B&O) and WL|Delft Hydraulics. Without the unique 

grain size dataset collected by Stephan Gruijters and his colleagues from the Geological Survey, 

this thesis on sediment sorting phenomena would have been almost impossible. Erik Mosselman 

from WL|Delft Hydraulics introduced me to the engineering approach to river morphology and 

his colleagues Willem Ottevanger and Kees Sloff put more effort and time in helping me build a 

downstream fining model than I ever expected.  

Emil Gölz and Stefan Vollmer from the Bundesanstalt für Gewässerkunde in Koblenz 

provided grain size data from the German Rhine, financially supported the research and offered 

me a job. I am very grateful for all they did. 

Bas Berbee (together with several of his friends and family members) did many difficult 

corings in historical Waal deposits, which allowed me to study historical changes in bed grain 

size. Chris Roosendaal supported this field campaign technically and Gilles Erkens, Esther 

Stouthamer, Marc Gouw en Kim Cohen helped interpreting the data. I owe them many thanks. 

Though doing research is great fun, I have found even more satisfaction in teaching activities. 

I thank all who enabled me to develop my educational skills, especially Wim Hoek and my co-
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promotores. Very enjoyable were the yearly excursions to the Belgian Ardennes, where we stayed 

in the magnificent, but slightly ruined Chateau de Spontin. I thank my colleagues from the 

Department of Earth Sciences for the pleasant co-operation. 

My colleagues and ex-colleagues from the Department of Physical Geography provided an 

excellent working climate. Especially the support and friendship of the other PhD candidates and 

young researchers meant a lot to me. With my roommates and paranimfs Gilles Erkens and Loes 

van Schaik I shared all sorts of professional and personal issues. Gilles the metropolitan dandy 

and Loes the widely-travelled mother-of-two together form an unlikely, but most pleasant, 

scientific couple. I thank them very much and hope that we won’t lose contact.  

My family and friends provided the necessary diversion from work, which I needed very 

much. I thank them for the conviviality, numerous birthday parties and lovely evening 

discussions. Some of my friends also directly contributed to this thesis. Richard Spierts gave 

advice on historical issues and helped with fieldwork (which was very enjoyable amidst squatters 

and unexpectedly deep floodplain channels). With Joyce Akse I often travelled home by train, 

which allowed us to exchange PhD experiences from social and exact sciences. Martijn Bok gave 

graphical advice and Richard, Joyce, Rob, Roland and Sven offered me hospitality in their homes 

during the field campaigns. 

My wife Vivian provided moral support, editing assistance and many cups of tea. I am much 

more indebted to her than I can ever express! 

 

 

Maastricht, November 2007 

 

Frings - From gravel to sand



 

 

 

 

 

 

 

Έν οίδα ότι ουδέν οίδα   

Socrates (470-399 BC) 

Frings - From gravel to sand



 

 

Frings - From gravel to sand



 15

Introduction 

 

 
 

 

 

 

 

1.1  Context 

Rivers are among the most universal features of the earth’s surface and occur in a great variety of 

landscapes. Although river characteristics vary widely among fluvial landscapes, a common 

characteristic of many rivers is the tendency for bed sediments to become finer in downstream 

direction. This phenomenon, generally known as downstream fining, was already recognised in 

the early 16th century by the famous scientist and artist Leonardo da Vinci:  

 

“A river that flows from the mountains deposits a great quantity of large 

stones in its bed, which still have some of their angles and sides, and in the 

course of its flow it carries down smaller stones with the angles more 

worn; that is to say the large stones become smaller. And farther on it 

deposits coarse gravel and then smaller, and as it proceeds this becomes 

coarse sand and then finer, and going on thus the water, turbid with sand 

and gravel, joins the sea.”  

 

Leonardo da Vinci, Codex Leicester (Richter, 1939) 

 

The downstream decrease in bed sediment size has a complex effect on the morphologic and 

hydrodynamic behaviour of a river. In the first place, downstream fining increases the 

transportability of river bed sediments, often causing a downstream change from a bed-load 

dominated channel to a suspended-load dominated channel. Downstream fining also affects the 

flow resistance of the river bed by its effect on skin friction and dune development, indirectly 

affecting flood water levels. Another effect of downstream fining is the downstream change in 

pore structure of the river bed, often resulting in a downstream decrease in spawning potential for 

fish species. Finally, downstream fining may change the rate and composition of overbank 

deposition, having implications for contaminant dispersion. All these effects have made 

downstream fining a permanent subject of study among river morphologists. Detailed knowledge 

of the causes of downstream fining will become even more essential in the nearby future. The 

1 
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rapid sea-level rise that is foreseen for the 21st century, whether or not caused by human-induced 

climate change, will strongly affect the flow characteristics, morphology and downstream fining 

trend of lowland rivers. The interdependence of morphology and downstream fining trend makes 

a detailed prediction of future changes in morphology difficult without a proper understanding of 

the processes underlying downstream fining. 

1.2  Problem definition 

Systematic downstream fining research started with the frequently cited work of the German 

engineer Sternberg (1875) concerning the river Rhine. Sternberg explained downstream fining, 

just like Leonardo da Vinci, in terms of abrasion: the progressive breakdown of particles during 

their downstream transport. Later on, it was recognised that downstream fining is also due to 

selective transport: the preferential downstream transport of fine particles (e.g. Daubrée, 1879).  

The in-channel processes of abrasion and selective transport are the fundamental causes of 

downstream fining, but their effects are sometimes overshadowed by the external addition of 

sediment from tributaries or hill slopes, or by the extraction of sediment from the channel (for 

instance by dredging or overbank deposition). The intensity of abrasion, selective transport and 

sediment addition-extraction processes is determined by external controls, such as climate, 

tectonics and human impact. The downstream fining rate that is observed in a river thus is a 

function of: (1) abrasion and selective transport, (2) sediment addition-extraction processes, and 

(3) external controls. 

Laboratory and field studies have greatly elucidated the effects of these processes and controls 

on downstream fining in gravel-bed rivers (e.g. Knighton, 1982; Parker et al., 1982; Dawson, 1988; 

Paola et al., 1992; Werritty, 1992; Brewer and Lewin, 1993; Kodama, 1994b; Seal and Paola, 1995; 

Cui et al., 1996; Ferguson et al., 1996; Rice, 1998; Hoey and Bluck, 1999; Gomez et al., 2001). Little 

attention, however, has been paid to downstream fining in sand-bed rivers. This may be 

considered remarkable given the socio-economic importance of these rivers worldwide. The 

fundamental differences between gravel-bed rivers and sand-bed rivers with respect to sediment 

mobility, transport dynamics, channel morphology and geographical setting (e.g. Howard, 1980; 

Dade and Friend, 1998), indicate that downstream fining mechanisms in sand-bed rivers may 

differ from those in gravel-bed rivers. This is confirmed by the few downstream fining studies 

that focused on sand-bed rivers (Deigaard, 1980; Dietrich et al., 1989b; Wright and Parker, 

2005a,b). Issues regarding downstream fining in sand-bed rivers that are still incompletely 

understood are: the role of abrasion, the relative importance of suspended load and bed load as 

selective transport mechanisms, the effect of local sorting phenomena such as dune sorting and 

bend sorting on the degree of selective transport, the effects of the sediment addition-extraction 

processes overbank deposition and channel migration, the discontinuities caused by sediment 

distribution dynamics at river bifurcations, the relative importance of tides and sea level rise as 

external controls on downstream fining and the external control due to human interference. For 
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all these potential influences on downstream fining, not only the effect on the rate of downstream 

fining is not well understood, but also the effect on the time-scale of downstream fining 

development is unknown. 

A better understanding of processes and controls underlying downstream fining in sand-bed 

rivers may also help explain a peculiar downstream fining phenomenon that often is observed 

directly upstream of sand-bed rivers: the abrupt transition from a gravel-bed river to a sand-bed 

river. Gravel-sand transitions often occur at the location where a gravel-bed river emerges onto a 

plain or a valley with a much lower slope (e.g. Sambrook Smith and Ferguson, 1995). The location 

of gravel-sand transitions thus is often externally controlled, but the abruptness of the transitions 

suggests an uncommonly strong effect of abrasion or selective transport processes. It is possible 

that abrupt gravel-sand transitions develop through increased abrasion of gravel grains, 

producing only sand-sized grains (e.g. Yatsu, 1955; Cui and Parker, 1998), but recently it has been 

hypothesised that abrupt gravel-sand transitions are mainly the result of highly selective transport 

caused by the special sedimentary characteristics of the gravel-sand transition (Sambrook Smith 

and Ferguson, 1996; Wilcock, 1998). This hypothesis has been supported by flume experiments, 

but field observations of sedimentary characteristics of gravel-sand transition zones are scarce, 

and it is unknown to what extent sediment sorting effects known from sand-bed rivers (e.g. bend 

sorting and dune sorting) affect the degree of size-selective transport in gravel-sand transitions. 

1.3  Objectives    

The general objective of the research presented in this thesis was: to determine the influence of 

abrasion, selective transport, sediment addition-extraction processes and external controls on 

downstream fining in sand-bed rivers and gravel-sand transition zones.  

 

With respect to sand-bed rivers, the following research goals were formulated: 

� To assess the effects of abrasion, suspended transport, bed-load transport, dune sorting and 

bend sorting on the rate and time development of downstream fining (abrasion/selective 

transport processes); 

� To assess the effects of overbank deposition, channel migration and bifurcation dynamics on 

the rate and time development of downstream fining (addition-extraction processes); and, 

� To determine the effect of the tides, sea level rise and human impact on the rate and time 

development of downstream fining (external controls).  

 

With respect to gravel-sand transition zones, the research goals were: 

� To determine sedimentary characteristics of gravel-sand transitions from field data.  

� To determine the effect of dune and bend sorting on the sediment mobility. 
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Figure 1.1 Drainage basin and toponymy of the river Rhine (adapted from CHR, 1976). 
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To achieve these goals, a variety of research methods were used, ranging from literature review, 

analysis of historical maps, and morpho- and hydrodynamic field measurements, to geological 

corings and numerical model simulations. 

1.4  Research area 

The focus of this thesis is on large, alluvial, meandering, lowland rivers, such as the downstream 

reaches of the Ganges, Rhine, Mississippi and Niger. The lower river Rhine is used as study case 

throughout this thesis, because of the availability of an impressive database of flow records, 

sediment transport measurements, morphogenetic reconstructions and sediment attributes. It 

should be noted however, that the present-day morphological development of the lower river 

Rhine (bed degradation) is a-typical for lowland rivers, which typically aggrade.  

The river Rhine originates in the Swiss Alps, passes Germany and The Netherlands, and ends, 

after 1320 km, in the North Sea (Fig. 1.1). The average annual discharge near the German-Dutch 

border is 2,300 m3/s and the maximum discharge ever recorded was 12,600 m3/s in 1926 AD. The 

parts of the Rhine that were selected for study are the German Niederrhein (downstream of Köln) 

and the Dutch Rhine branches Bovenrijn, Pannerdensch Kanaal, Waal and Merwede, including 

the intermediate river bifurcations (Fig. 1.1). Occasionally other parts of the Rhine were analysed 

for comparison. The very upstream part of the research area is characterised by a gravel bed (Fig. 

1.2), the adjacent part is the gravel-sand transition zone, whereas the most downstream parts 

Figure 1.2 Downstream change in bed grain size in the river Rhine (after Ten Brinke, 1997, and Federal 

Institute of Hydrology, unpublished data). 
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(Waal and Merwede) have a sandy river bed. All river branches in the research area have a 

meandering to straight plan form and are heavily engineered: banks are protected with groynes, 

shipping routes are dredged and embankments prevent flooding of the densely populated areas 

near the river. 

1.5  Thesis outline 

This thesis consists of eight chapters. Chapter 2 to 7 are based on scientific articles, most of which 

have been accepted or submitted for publication in peer-reviewed international journals. These 

chapters can be read as independent scientific studies. Figure 1.3 visualises the relations between 

the several chapters. Chapter 2 is a literature review that discusses abrasion, selective transport 

and addition-extraction processes in gravel-bed rivers and evaluates to what extent these 

processes can affect downstream fining in sand-bed rivers. Furthermore, several other processes 

relevant for sand-bed rivers are identified, ending in a conceptual model for downstream fining in 

sand-bed rivers. Chapter 3 is a description of field measurements of selective transport processes 

in the lower river Rhine. It further focuses on a primary addition-extraction process identified in 

Chapter 2: the sediment distribution at river bifurcations. Chapter 4 is a combined field and map 

study on the external control of human interference on the flow strength and downstream fining 

trend of the lower river Rhine during the past nine centuries. Chapter 5 is a theoretical analysis of 

downstream variations in bed structure in the river Rhine. It prepares for Chapter 6, which is a 

short study on the sedimentary characteristics and sediment mobility of the gravel-sand transition 

zone of the river Rhine. Chapter 6 specifically analyses the effects of sorting phenomena on the 

Figure 1.3 Thesis outline. 
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transport selectivity in the gravel-sand transition zone, based on the concepts and data described 

in Chapter 2 and 3. Chapter 7 is a preliminary numerical modelling study that investigates the 

development of downstream fining in an idealised river, loosely based on the lower river Rhine. It 

uses sensitivity analyses to determine which of the selective-transport processes, addition-

extraction processes and external controls identified in Chapter 2, 3 and 4 are dominant in sand-

bed rivers. It also focuses on the time-scales for downstream fining development. The conclusions 

of the chapters 2 to 7 are synthesized in Chapter 8, which answers the research questions 

described above, and also addresses unsolved issues and suggests directions for future research. 
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Downstream fining in large sand-bed rivers:  

a literature study  

 
Roy Frings  

 Accepted for publication in Earth Science Reviews 

 

 

 

Abstract 

Downstream fining of bed sediments is a well-known phenomenon in gravel-bed rivers, but also 

occurs in (large) sand-bed rivers. The underlying processes, however, are not necessarily the 

same, due to the difference in sediment mobility, width of the grain-size distribution and 

geographical setting. Downstream fining studies focusing on large sand-bed rivers are scarce, 

however. In this chapter, the processes that affect downstream fining in gravel-bed rivers are 

reviewed, and it is evaluated to what extent they are relevant for large sand-bed rivers. 

Furthermore, several ‘new’ downstream fining processes are discussed, ending in a conceptual 

model of downstream fining in large sand-bed rivers. In deriving the conceptual model, 

downstream fining processes are divided into three categories: abrasion, selective transport and 

sediment addition-extraction. Abrasion rates in large sand-bed rivers are small due to the durable 

lithologies, the small grain size, the high degree of rounding, the dominance of grinding as 

abrasion process and the dominant suspended transport mode of the bed sediment. Only in the 

upstream part of large sand-bed rivers, abrasion rates may be somewhat higher. Selective 

transport rates in large sand-bed rivers everywhere overrun abrasion rates, but are small 

compared to selective transport rates in gravel-bed rivers, because the unimodal sediments in 

sand-bed rivers exhibit stronger hiding-exposure effects during threshold-of-motion conditions, 

but especially because many sand-bed rivers (though not all) are in state of fully-mobilised 

transport, making differences in threshold of motion between coarse and fine grains relatively 

unimportant. Selective transport in these rivers is probably mainly the result of the presence of 

suspended load transport in combination with the effects of dune and perhaps bend sorting, 

which are all processes that act on a relatively large scale. Within sand-bed rivers, the degree of 

selective transport probably decreases downstream due to the change in mixture bimodality and 

sorting efficiency. There are indications that coarse grains may sometimes even be more mobile 

than fine grains in the downstream part of sand-bed rivers. Note that in contrast to abrasion, 

selective transport only produces a ‘stable’ downstream fining pattern if the river profile is 

concave. Generally, a stronger profile concavity leads to a higher aggradation rate and a stronger 

downstream fining trend. Sediment addition and extraction processes can obscure the effects of 

2 
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abrasion and selective transport in sand-bed rivers. Overbank deposition, for instance, may 

significantly decrease the downstream fining rate in large sand-bed rivers, because especially fine 

grains are removed from the bed. Dredging can also strongly affect the downstream fining trend, 

depending on the volume and the grain size of the sediment involved. Channel migration may 

cause a net loss of coarse grains from the channel in aggrading circumstances, increasing the 

downstream fining rate. River bifurcations can cause a discontinuity in the downstream fining 

pattern, because bend sorting upstream of the bifurcation causes the river branch that originates 

in the outer bend of the main channel to be much coarser than the other branch. All these 

addition and extraction processes not only have a direct effect on the grain size composition of 

the river bed, but also indirectly influence downstream fining by their effect on the longitudinal 

bed profile. Other sediment addition and extraction processes, such as tributary confluences, non-

alluvial sediment sources and dumping are less common in large sand-bed rivers, but can locally 

have a great effect. A full determination of the relative importance of all downstream fining 

processes in large sand-bed rivers requires extensive field measurements, the construction of 

detailed, fractionwise sediment balances and the development of numerical downstream fining 

models that incorporate all processes described above. 

2.1 Introduction 

Rivers commonly show a downstream fining of bed material (Morris and Williams, 1999a). 

Although downstream fining is more obvious in gravel-bed rivers, it also occurs in sand-bed 

rivers (Fig. 2.1). The underlying processes, however, are not necessarily the same due to the 

greater sediment mobility in sand-bed rivers, the narrower size-distribution of the bed sediment 

and the different geographical setting: sand-bed rivers predominating in lowland areas and 

gravel-bed rivers predominating in upland areas. 

Both geomorphologists and engineers have studied the fining phenomenon extensively, but 

nearly all downstream fining studies have focused on upland gravel-bed rivers. Downstream 

fining in sand-bed rivers deserves more attention, because a downstream change in grain size 

from very coarse sand to silt changes the dominant mode of sediment transport, the bedform 

dimensions and also the grain size of overbank deposits.  

In this chapter, the processes that affect downstream fining in gravel-bed rivers are reviewed, 

and it is evaluated to what extent they are relevant for sand-bed rivers. Furthermore, several ‘new’ 

downstream fining processes are discussed. This will end up in a conceptual model of 

downstream fining in sand-bed rivers, which may help to provide directions for future research. 

The focus is on large, alluvial, sand-bed rivers such as the downstream reaches of the Mississippi, 

the Rhine, the Ganges and the Niger (Fig. 2.1).  

Downstream fining processes are divided into three categories: abrasion, selective transport 

and sediment addition-extraction. Abrasion processes cause a progressive breakdown of particles 

during their downstream transport, while selective transport processes cause a preferential 
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downstream transport of fine particles. Sediment addition and extraction processes, finally, may 

obscure the effects of abrasion and selective transport, for instance at river confluences.  

2.2 Abrasion 

Since the work of Leonardo da Vinci in the early 16th century (Richter, 1939, pp. 165-166) until 

the middle of the 20th century, abrasion was regarded to be the primary cause of downstream 

fining. This induced a large number of abrasion experiments, demonstrating that abrasion rates 

do not only depend on grain size as was assumed before (e.g. Sternberg, 1875), but also on 

lithology, grain velocity, grain roundness, grain shape, amount of weathering, presence of other-

sized grains and amount of moving grains. Below, these influences on the abrasion rate are 

discussed in detail, ending in an estimation of the significance of abrasion for large sand-bed 

rivers. First, however, a short description is given of the different wearing mechanisms and the 

experimental procedures used in abrasion studies.  

Wearing mechanisms 

Kuenen’s commonly used abrasion classification distinguishes between seven wearing 

mechanisms (Fig. 2.2): (1) splitting, the breaking of grains into two or three parts of roughly equal

Figure 2.1 Downstream fining of bed sediments in large sand-bed rivers: a) Rhine (Waal branch), 

downstream of river kilometre 867 (after Ten Brinke, 1997); b) Mississippi, upstream of Head of Passes 

(after Nordin and Queen, 1992); c) Ganges, downstream of river kilometre 330 (after Singh et al., 2007, Fig. 

14). D50 = median grain size; D50* = (D16 D50 D84)1/3. 
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size; (2) chipping, the loss of small flakes form sharp edges; (3) crushing, the pulverizing of grains; 

(4) cracking, the formation of small superficial fissures; (5) grinding, the loss of fine material 

during the rubbing of grains against each other; (6) dissolution, the chemical dissociation of 

grains and (7) sandblasting, the grating action of fine grains against large grains (Kuenen, 1956). 

Sandblasting can be considered to be a special case of grinding and dissolution is presently often 

overlooked as a wearing mechanism. The other five mechanisms fall apart in two groups: splitting 

and chipping produce grains in the sand-gravel range, while crushing, cracking and grinding 

mainly produce clay and silt. In addition, splitting and chipping often lead to a decrease in grain 

roundness, whereas crushing, cracking and grinding always make the grain roundness increase 

(Brewer and Lewin, 1993). Splitting and chipping involve the largest mass loss and therefore are 

the most effective wearing mechanisms. Mass losses caused by crushing are less, but still higher 

than the mass losses caused by cracking. Grinding is the least effective wearing mechanism 

(Kuenen, 1956). All mechanisms have in common that they can produce mass loss during grain 

transport, but mechanisms like grinding can also cause mass loss while a grain is at rest, or 

slightly vibrating. This was called abrasion in place by Schumm and Stevens (1973). 

Experimental procedures 

Field abrasion studies usually derive information on the abrasion rate from the downstream 

increase in grain roundness (e.g. Poser and Hövermann, 1951), from the difference in 

downstream fining rate between durable and weakly durable minerals (e.g. Werritty, 1992), or 

from the downstream change in mineralogical composition (e.g. Koldewijn, 1955; Kodama, 

1994b). Generally, however, it is very difficult to isolate abrasional effects in the field.  

Laboratory abrasion experiments can be divided into in tumbling mill experiments (e.g. 

Krumbein, 1941; Gölz et al., 1995; Jones and Humphrey, 1997) and abrasion tank experiments 

Figure 2.2 The wearing mechanisms (a) splitting, (b) chipping, (c) crushing, (d) cracking and (e) grinding. 
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(e.g. Schoklitsch, 1933; Kuenen, 1956; Lewin and Brewer, 2002). In tumbling mill experiments a 

barrel is filled with water and sediment, put horizontally or slightly tilted on a driving mechanism, 

and rotated during a given period (Fig. 2.3a). Abrasion tanks consist of a circular flume in which 

water is moved to transport particles across an abrading bed (Fig. 2.3b). Abrasion mechanisms 

differ significantly between mill experiments and tank experiments as a result of differences in the 

type of grain movement. Abrasion in mills mainly takes place through particle-particle contacts, 

making grinding the main wearing mechanism (Kuenen, 1956). Abrasion in tanks mainly takes 

place through particle-bed contacts, making chipping the main wearing mechanism (Brewer and 

Lewin, 1993).  

Factors determining the abrasion rate  

The dominant control on abrasion rate is lithology (Fig. 2.4). The abrasion durability of a grain 

depends on the physical structure of the grain (e.g. jointing susceptibility), but also on the 

hardness of the composing minerals. The smaller the grain, the greater the contribution of the 

mineral hardness to the durability (cf. Kodama 1994a). If a sediment mixture consists of different 

lithologies, abrasion mainly attacks the weakly durable lithologies. Abrasion of more durable 

lithologies remains low, until the weakly durable lithologies have disappeared completely (Abbott 

and Peterson, 1978). 

After lithology, grain size has the strongest influence on abrasion rates. Abrasion rates 

commonly increase with grain size, firstly because larger grains have a higher kinetic energy 

(provided that they are moving equally fast as finer grains), and secondly because larger grains 

have smaller saltation lengths and hit the river bed more frequently than finer grains (Bradley, 

1970). The absolute size reduction per kilometre of travel often is directly proportional to the 

grain size (Sternberg, 1875), irrespective of whether size is expressed as diameter or mass, which 

implies that the percent size reduction is equal for all grain sizes.  

Figure 2.3 Abrasion experiments: a) tumbling mill, b) abrasion tank. 
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Since the kinetic energy of a moving grain is proportional to the square of its velocity, it can 

be expected that the abrasion rate increases quadratically with grain velocity. If the grain velocity 

increases, however, also the percent saltating grains increases, which counteracts the higher 

impact energy. Lewin and Brewer (2002) indeed found only a weak dependency of abrasion rates 

on flow velocity, which was measured as surrogate for grain velocity. Kuenen’s (1956) 

experiments also show that abrasion rates do not necessarily increase when the grain velocity 

increases.  

The abrasion rate is commonly observed to be more rapid for angular grains than for well-

rounded grains (e.g. Daubrée, 1879, in: Krumbein, 1941; Gölz et al., 1995). The main reason is 

that sharp-angled pieces are very prone to chipping, which is one of the most effective abrasion 

mechanisms. Another effect is that angular grains have a larger surface area than rounded grains, 

which promotes the mass loss through grinding and cracking. Furthermore, the fluid drag 

probably is larger for angular grains than for rounded grains, which may result in a larger grain 

velocity for angular grains, increasing the impact during grain collisions. The influence of grain 

shape (apart from grain roundness) on the abrasion rate is unclear. Kuenen (1956) found shape 

influence to be negligible, whereas Lewin and Brewer (2002) found a distinct shape influence, 

with cubes losing most weight in the barrel experiments but least in the tanks experiments. 

Weathering, due to chemical, mechanical or biological processes may increase the 

susceptibility to abrasion of grains (e.g. Kuenen, 1959; Lewin and Brewer, 2002). Especially grains 

that are not submerged during low flow conditions suffer from weathering. For example, shales 

Figure 2.4 Abrasion durability scales after Morris and Williams (1999a) and Abbott and Peterson (1978) for 

gravel and sand grains. H = Moh’s Hardness. Note that all data are based on laboratory experiments, in 

which mostly tap water was used, which can be chemically very different from river water. Morris and 

Williams (1999a) compiled their durability scale from studies of Wentworth (1919), Schoklitsch (1937), 

Thiel (1940), Krumbein (1941), Kuenen (1956, 1959), Schubert (1964), Bradley (1970), Bradley et al.

(1972), Shook et al. (1979), Gies and Geller (1982), Shaw and Kellerhals (1982) and Kodama (1994a). 

Abbott and Peterson (1978) compiled their durability scale from their own experiments. 
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that are alternately wetted and dried can simply disintegrate. Bradley (1970) argued that abrasion 

only removes the weathered skin of sediment grains when they are in transport during a flood. 

This implies that small grains have a greater percent diameter reduction than coarse grains, 

because the thickness of the weathered skin is equal, but the grains are much smaller (Jones and 

Humphrey, 1997). This is opposite to common observations (see above).  

The abrasion rate of coarse grains has been observed to diminish slightly when finer grains are 

added (Kuenen, 1956, 1959; Kodama, 1994a), probably due to damping of the impacts. Suspended 

clay, however, probably has no cushioning effect. It is unclear what happens to the abrasion rate 

of fine grains when coarse grains are added. Marshall (1927, in: Krumbein 1941) and Kodama 

(1994a) observed a strong increase in fine grain abrasion rates (probably due to crushing), but 

others found no change in fine grain abrasion rates (e.g. Kuenen, 1959).  

 An increase in the amount of moving grains (volume of sediment load) changes the way in 

which grains move and collide (Lewin and Brewer, 2002) and is likely to affect the abrasion rate. 

Whether the abrasion rate increases or decreases with increasing sediment load remains unclear, 

because tumbling mill experiments give non-consistent results (Gölz et al., 1995; Lewin and 

Brewer, 2002), probably due to differences in experimental methods (revolution frequency, mill 

diameter, water depth). 

Abrasion in large sand-bed rivers 

From the preceding sections it follows that the abrasion rate is greatest if the sediment grains are 

non-durable, large, angular and weathered. These conditions are met during the first kilometres 

of transport in gravel-bed rivers. Observations in these river reaches confirm that downstream 

fining rates are high (e.g. Werritty, 1992) and suggest that abrasion primarily results from the 

highly effective wearing mechanisms splitting and chipping (e.g. Krumbein, 1941, Abbott and 

Peterson, 1978) (further downstream in gravel-bed rivers, the wearing mechanisms cracking and 

grinding prevail). 

Based on the above, abrasion rates in large sand-bed rivers are expected to be very low. Grains 

in these rivers are small and (relatively) well rounded, while the river’s sediment load usually does 

not contain non-durable lithologies any more. The dominant wearing process is grinding, which 

is the least effective mechanism (Kuenen, 1956). Splitting and chipping do not occur because of 

the high particle roundness, while crushing and cracking do not occur because grains rolling on a 

sandy bottom establish countless contacts all the time, each of which only involves a minute 

amount of energy. In freely meandering rivers, weathering may attack grains that have been 

deposited on point bars, resting immobile until the channel migrates and the grains are 

remobilised (Jones and Humphrey, 1997), but in confined rivers, grains are always submerged, 

making weathering insignificant, especially if biological activity on the river bed is minimal. The 

abrasion rate in sand-bed rivers may be further decreased because grains are often transported in 

suspension (Kuenen, 1956, 1959). Even gravel grains in sand-bed rivers may experience low 
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abrasion rates (e.g. Lewin and Brewer, 2002), because smooth sandy beds lead to a skidding type 

of motion, which produces much less abrasion than the rolling movement of gravel grains on 

gravel beds (Kuenen, 1956). The low skin roughness in sand-bed rivers causes high flow velocities 

to extend closer to the bed, which may result in a higher grain velocity than in gravel-bed rivers, 

but this probably has only a limited increasing effect on the abrasion rate. 

Observed diameter reduction rates due to abrasion in sand-bed experiments range from 

0.0001 to 0.01% per km (Thiel, 1940; Kuenen, 1959), which is a factor of about 100 less than 

abrasion rates in gravel-bed experiments (Fig. 2.4). There are some doubts, however, whether the 

laboratory experiments that have lead to these values correctly simulate abrasion in nature. 

Neither tank experiments nor mill experiments, for instance, are able to properly simulate 

abrasion in place, which is of primary importance in natural rivers according to Schumm and 

Stevens (1973). Lewin and Brewer (2002) stress the inability of experiments to properly simulate 

abrasion by splitting. Kodama (1994a) highlights four shortcomings in abrasion experiments, 

which all may cause an underestimation of the abrasion rate. (1) The impact forces are often too 

low, because usually all grains are moving, which is not the case in nature. (2) Sometimes 

artificially broken grains are used, which lack a weathering skin. (3) Experiments often last longer 

than needed for the removal of the weathering skin. (4) Most experiments use uniform sediment, 

instead of natural sediment mixtures. Therefore, Kodama (1994a) developed a new experimental 

set-up and found abrasion rates to be a factor 10 higher than values from other experiments. 

It is thus possible that abrasion rates in large sand-bed rivers are not as low as suggested by 

most experiments, although they still will be much lower than abrasion rates in gravel-bed rivers. 

Especially in the upstream part of sand-bed rivers, the abrasion rates may be relatively high. In 

this area of the so-called gravel-sand transition, the sandy sediment still contains some gravel, 

which might promote crushing of fine grains (see above: section “Factors determining the 

abrasion rate”, also see Bradley, 1970; Kodama, 1994a), but this is not generally accepted (Kuenen, 

1956, 1959). Furthermore, it has been proposed that gravel grains in gravel-sand transition zones 

are also subject to severe abrasion, causing them to fall apart into their individual minerals (e.g. 

Cui and Parker, 1998; also see Yatsu, 1955). This, too, is not generally accepted (cf. Russell, 1968). 

Abrasion processes in the upstream part of sand-bed rivers and in gravel-sand transitions 

therefore need further clarification. 

2.3 Selective transport 

Daubrée (1879, in: Krumbein, 1941) already recognised that downstream fining is not only caused 

by abrasion, but also by selective transport: the preferential downstream transport of fine 

particles. Selective transport mechanisms are different for low-flow periods (threshold of motion 

conditions) and high-flow periods (intermediate and high transport stages) and both are 

discussed below for conditions of unsorted beds. Afterward, the effects of local sorting processes 

on the selectivity of the transport process are discussed. The general order of discussion is from 
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small scale to larger scale. Finally an evaluation is made of the overall degree of size-selectivity in 

sand-bed rivers. Note that the term ‘selective transport’ in this chapter always refers to grain-size 

selective transport, though it is recognised that selective transport can also occur due to 

differences in grain shape or grain density (e.g. Winkelmolen, 1969; Frostick and Reid, 1980; 

Steidtmann, 1982). 

Threshold of motion 

To determine if fine grains are preferentially entrained by the flow, many studies have evaluated 

whether the threshold of motion depends on grain size or not. The threshold of motion is 

expressed in terms of a critical discharge (e.g. Meyer-Peter et al., 1934; Ferguson, 1994), critical 

stream power (e.g. Bagnold, 1980; Ferguson, 2005) or a critical settling velocity (e.g. Komar and 

Clemens, 1986), but commonly an expression based on the critical shear stress is used. Because it 

is very difficult to determine the exact value of the instantaneous (turbulence-driven) bed shear 

stress that causes an observed grain movement, usually the value of the time-averaged bed shear 

stress that prevailed at the moment of incipient motion is taken as the critical shear stress. This 

value is about half as large as the ‘true’ critical bed shear stress (Fernandez Luque and Van Beek, 

1976; also see Zanke, 2003). Note that the (time-averaged) critical shear stress is no absolute lower 

limit for motion. There can always be a turbulent pressure fluctuation that sets a grain into 

motion, especially if the grain rests very loose on the other grains. 

Figure 2.5 The critical shear stress according to Shields (1936), Egiazaroff (1965) and Wiberg and Smith 

(1987) for 2 sand mixtures, one with D50 = 0.5 mm, one with D50 = 2 mm. Egiazaroff’s curve is plotted using 

Davg = D50, and Wiberg and Smith’s curve using ks = D50, conform the figures 10 and 11 in their paper. Note 

ks = grain roughness. 
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In sediment mixtures, commonly, for each size fraction a different critical shear stress is 

calculated. This represents the shear stress at which a small number of grains in a grain size 

fraction begin to move, rather than being the average of all the individual grain critical-shear-

stress values in that size fraction. If a sediment mixture is seen as a set of uniform sediments with 

different grain sizes, the critical shear stress for each size fraction could be determined with 

Shields’ curve (Fig. 2.5). In sediment mixtures, however, fine grains are hidden between coarse 

grains, while coarse grains are more exposed to the flow. These hiding-exposure effects make the 

entrainment process less size-selective than indicated by Shields’ curve.  

 

Theoretical approaches 

Theoretical derivations of the critical shear stress in sediment mixtures were first made by 

Einstein (1950) and Egiazaroff (1965). The relation by Egiazaroff is still much used:  
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with τc,i the critical bed shear stress for size fraction i (N/m2), ρ and ρs respectively the fluid density 

and sediment density (kg/m3), g the gravitational acceleration (m/s2), Di the grain size of fraction 

i, Davg a representative mixture grain size (e.g. the median grain size D50) (m), and θc the critical 

Shields value corresponding to the D50 of the mixture (-). θc depends upon grain Reynolds 

number (Shields, 1936), grain shape (Gomez, 1994), bed structure (Church et al., 1998), bed slope 

(Fernandez Luque and Van Beek, 1976) and water depth (e.g. Zanke, 2003), the effect of the last 

two factors becoming negligible if respectively the bed slope is small or the relative submergence 

large, as is often the case in sand-bed rivers). Note that Egiazaroff set θc = 0.06, and calculated Davg 

by averaging the average bed grain size and the average grain size of the sediment in motion. 

Equation 2.1 is strictly only valid for hydraulically rough flows. 

Many modern theoretical studies calculate the critical shear stress from a force balance (e.g. 

Wiberg and Smith, 1987) or a moment balance (e.g. Bridge and Bennett, 1992). The effect of 

hiding-exposure is then incorporated by the pivoting angle φ, rather than in terms of the relative 

protrusion (Di/Davg) of the grains (as in Egiazaroff’s relation). The pivoting angle is the angle at 

which a grain must move to climb over its neighbour in order to be entrained. On average, it is 

smaller for coarser grains in a mixture, as was shown by a range of experiments (e.g. Miller and 

Byrne, 1966; Kirchner et al., 1990). For a coarse sandy mixture (D50 =2 mm), both Egiazaroff and 

Wiberg-Smith predict that the entrainment of coarse grains is slightly size-selective, while the 

entrainment of fine grains (D<D50) is almost non-selective, approaching the situation of equal 

entrainment mobility, which would occur if all grain size fractions start moving at the same shear 

stress (Fig. 2.5). For a fine sandy mixture (D50 =0.5 mm), Egiazaroff’s curve predicts the same, but 

note that Egiazaroff’s assumption of hydraulically rough flow is not met any more. Wiberg-Smith 
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predict a mobility reversal: fine grains are entrained at higher shear stresses than coarse grains. 

The fine grains now are selectively entrained, while the coarse grains approach equal entrainment 

mobility (Fig. 2.5). The reduced mobility for fine sand has been confirmed by theoretical grain 

pivoting analyses (Komar and Wang, 1984) and flume experiments (e.g. Wallbridge et al., 1999), 

and may emerge because finer grains are more immersed in the viscous sublayer. (Note that the 

grain size of 0.5 mm is at the transition from hydraulically rough to hydraulically smooth flow). It 

is unknown, however, whether these analyses and experiments are representative for field 

conditions in sand-bed rivers with dune-covered beds.  

 

Empirical approaches 

Instead of theoretical calculations, often a more empirical approach is chosen to determine the 

grain size influence on the critical shear stress. Therefore, measured values of the critical shear 

stress are plotted against the ratio Di/D50 and a power function is fitted:  
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with HE the hiding-exposure coefficient (-) and a a constant (-), that is usually taken to represent 

the critical Shields value (θc) in a uniform sediment mixture with the same D50 or D65. Equal 

entrainment mobility prevails if HE=1. The more HE deviates from 1, the stronger the degree of 

selective entrainment.  

An overview of HE-values from both field measurements and flume experiments is given by 

Buffington and Montgomery (1997). Values range from 0.29 to over 1.0, indicating strongly 

selective entrainment in some rivers but equal entrainment mobility in others. A large part of the 

variation in HE is due to differences in experimental methods (e.g. Diplas, 1987; Wathen et al., 

1995; Buffington and Montgomery, 1997; Batalla and Martín-Vide, 2001; Wilcock and Crowe, 

2003), such as (1) the definition of incipient motion (either the moment at which the first grains 

of a size fraction start moving or the moment at which the transport becomes larger than a small, 

arbitrary reference transport), (2) the establishment of this moment (either visually, by 

measurement, or by extrapolation of above-incipient motion measurements), (3) the method to 

measure the shear stress, grain-size distribution and bed-load transport, (4) the duration and 

spatial scale of the experiment, (5) the range of Di/D50 values over which HE was determined, and 

(6) the choice for D50 in Eq. 2.2 (either relating to the bed surface or subsurface). Note that if HE-

values are based on the subsurface D50, they often also incorporate the effects of armouring (see 

below).  

The wide range in HE-values not only reflects methodological effects, but also reveals real 

variations in the degree of size-selectivity during incipient motion, caused by different bed 

structures, different sediment sizes and different mixture bimodalities. The effect of bed structure 
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was stressed by Reid and Frostick (1987), Gomez (1994) and Church et al. (1998), who 

respectively focused on pebble clusters, imbrication and stone cells. The effect of sediment size 

(D50) on the degree of selective entrainment was studied by Shvidchenko et al. (2001). They found 

the lowest degree of selective entrainment for mixtures with a D50 of 5 mm. Other values of D50 

produced a higher size-selectivity (HE<1).  

The effect of mixture bimodality was shown by Church et al. (1991), Wilcock (1993) and 

Kuhnle (1993) (Fig. 2.6). Unimodal and weakly bimodal sediments exhibit severe hiding-exposure 

effects, causing approximately equal entrainment mobility (HE≈1). Strongly bimodal sediments, 

however, exhibit only weak hiding-exposure effects, causing sediment entrainment to be size 

selective (0.3<HE<0.7). If for both modes of bimodal mixtures separate HE values are calculated, 

then often a much higher value is found for the finer mode than for the coarser mode (Wilcock 

and Crowe, 2003). This indicates that fine grains in a bimodal mixture are about equally mobile, 

whereas the mobility quickly decreases for coarser grains. Similar observations have been made in 

field studies (Church et al., 1991; Wathen et al., 1995). Selective entrainment processes in bimodal 

mixtures were analysed in detail by Wilcock and co-workers (Wilcock, 1998; Wilcock and 

Kenworthy, 2002; Wilcock and Crowe, 2003). They showed that hiding-exposure phenomena in 

(wide) bimodal mixtures are strongly different from those in more unimodal mixtures, because 

the fine (sandy) grains are often completely hidden in the pores of the larger (gravel) grains. If the 

sand content in the river bed becomes so large that the pores between the gravel grains cannot 

accommodate the sand anymore, the sand becomes part of the bed structure, leading to a sudden 

decrease in the critical shear stress (τc,i) for both the sand grains (which are no longer hidden in 

the pores) and the gravel grains (which no longer form a interlocking framework). Hiding-

exposure effects and critical shear stresses for bimodal gravel-sand mixtures thus are strongly 

dependent of the sand content of the river bed.  

To test whether hiding-exposure effects in sand-bed rivers are different from those in gravel-

bed rivers, a compilation was made of 67 HE values found in literature (Fig. 2.7). This 

Figure 2.6 The influence of mixture bimodality on the critical shear stress (the examples shown are the 

BOMC and MC-50 mixtures analysed by Wilcock (1993) and Wilcock and McArdell (1993). 
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compilation indicates no clear difference in average or spread for HE values belonging to sand-

bed conditions (D50 < 2 mm) or gravel-bed conditions (D50 > 2 mm). A closer inspection of the 

sandy part of Figure 2.7 (D50 < 2 mm), shows that HE values range from 0.28 to 1.25 (Table 2.1; 

data from Day, 1980; Komar, 1987; Wilcock, 1987, 1992, 1993; Kuhnle, 1993). The average value 

is 0.8, indicating a relatively high degree of selective entrainment in sand-bed rivers. Note, 

however, that many of the HE values in Table 2.1 refer to bimodal sediment mixtures, whereas 

bed sediments in sand-bed rivers are often unimodal and therefore may be subject to stronger 

hiding-exposure effects. Also note that the HE values were typically determined for flat bed 

conditions, whereas sand-bed rivers often have a dune-covered bed with a totally different flow 

structure. 

 

Grain deposition 

The above described threshold-of-motion studies all evaluated whether fine grains are 

preferentially set into motion if the shear stress increases. An equally important question for 

threshold-of-motion conditions is whether coarse grains become preferentially deposited if the 

shear stress decreases. Generally, it is assumed that grain deposition is strongly related to grain 

entrainment, coarse grains being entrained, and deposited, at higher shear stresses than small 

grains (Powell, 1998). It has been demonstrated, however, that the shear stress at which a grain 

settles usually is lower than the shear stress at which it is entrained (e.g. Beschta, 1987; Reid and 

Frostick, 1987). The bed roughness also has an effect on the selectivity during grain deposition. If 

the bed surface is very rough, deposition of coarse grains may be promoted, because fine grains 

cannot settle due to the increased turbulence around the coarse grains (cf. Powell, 1998; Diplas 

and Parker, 1992). However, if the bed surface is relatively smooth, fine grains may be 

Figure 2.7 Effect of the median grain size (D50) of 

the sediment mixture on the value of the hiding-

exposure coefficient HE. Values are taken from the 

HE-compilation made by Buffington and 

Montgomery (1997), supplemented with HE-values 

from Andrews (1983), Batalla and Martín-Vide 

(2001), Komar (1987), Wathen et al. (1995) and 

Wilcock (1993). 

Figure 2.8 Increase of the proportion of mobile 

grains with increasing shear stress, for two grain-

size fractions. Indicated are: a, the shear stress 

range in which fine grains are fully mobilised, while 

coarse grains are partially transported, and b, the 
range in critical shear stress. 
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preferentially deposited, because coarse grains protrude farther into the flow and easily roll 

downstream over the smooth surface (cf. Frostick and Reid, 1980). In case of a river bed that 

consists of coarser and finer patches of sediment, coarse grains can easily traverse fine patches 

(because of the relatively low roughness), but tend to become trapped in coarse patches. Fine 

grains tend to traverse gravel patches (though they sometimes become trapped in the pores of the 

gravel) and are trapped in sand patches.  

Intermediate and high transport stages   

Bed-load  

If the bed shear stress is little above the threshold of motion, grain size fractions are often 

composed of two populations: grains that move with some measurable regularity and grains that 

remain immobile, even though they are exposed at the bed surface. This situation is called partial 

transport (Wilcock and McArdell, 1993, 1997). The remaining surface grains in a grain-size 

fraction gradually become mobile when the bed shear stress increases (e.g. Fernandez Luque and 

Van Beek, 1976). During this mobilisation process grain collisions may play an important role, in 

addition to hiding-exposure effects. From Wilcock and McArdell (1993, 1997) it follows that the 

proportion of active grains increases faster for fine than for coarse size fractions. In combination 

with the lower critical bed shear stress for finer grains, this means that fine fractions reach a state 

of fully mobilised transport (i.e. all grains are mobile) at much lower bed shear stresses than 

Table 2.1 Hiding-exposure coefficients (HE-values) from various flume experiments with D50 < 2 mm. 
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coarse fractions. Figure 2.8 shows that there is a range of shear stresses in which fine fractions are 

fully mobilised, while coarse size fractions are only partially transported (indicated with ‘a’), 

resulting in preferential transport of fine grains.  

If the shear stress keeps increasing, eventually a situation is reached in which all grain size 

fractions are fully mobilised. In perennial rivers, such a situation occurs if the ratio of shear stress 

to critical shear stress for the coarsest size fraction is about 2 (e.g. Wilcock and McArdell, 1993). 

In ephemeral rivers such a situation occurs if this ratio is about 4.5 (Powell et al., 2001). During 

fully-mobilised transport conditions, differences in critical shear stress between coarse and fine 

grains become relatively unimportant. Field measurements have demonstrated that the grain size 

distribution of the bed load becomes equal to that of the river bed (subsurface) in these 

conditions, suggesting that all grains are equally mobile and the sediment transport process is no 

longer size selective (e.g. Kuhnle, 1992; Wathen et al., 1995; Lenzi et al., 1999).  

However, there are also indications that sediment transport still can be slightly selective 

during fully-mobilised conditions. Flume experiments with uniform fixed beds of spherical glass 

beads have demonstrated that the transport velocity of coarse grains is greater than that of fine 

grains in fully-mobilised conditions, suggesting preferential transport of coarse grains (e.g. 

Meland and Norrman, 1966; Steidmann, 1982). This probably is a bed roughness effect: coarse 

grains ‘feel’ a lower bed roughness. It is questionable whether these laboratory results can directly 

be extrapolated to field conditions in large sand-bed rivers. Sand-bed rivers typically have mobile, 

dune-covered beds, where coarse grains settle at the lee side of each dune, while fine grains can 

bypass the troughs, travelling in semi-suspension (Mohrig and Smith, 1996). Fine grains in these 

circumstances thus have a greater transport velocity than coarse grains. Opposite observations 

were made by Wilcock and McArdell (1993). In their experiments coarse grains often traversed 

the body of the dunes and the intervening dune troughs without stopping, while smaller grains 

tended to become deposited temporarily in the dune troughs. This may be typical for rivers with a 

low grain roughness and a high sediment mobility. 

 

Mixed load 

Until so far, the discussion focused on the selectivity of bed-load transport processes. If the bed 

shear stress increases above incipient motion conditions, however, the finer part of the bed 

sediments may become suspended. This strongly increases the degree of selective transport, 

because the fine suspended sediment moves continuously and with a much larger velocity than 

the coarser bed load.  

A closer examination of this downstream fining mechanism requires an evaluation of the 

critical conditions for the beginning of suspension. Normally the criterion for the beginning of 

suspension is expressed in terms of a critical ratio u*/wi, where u* represents the shear velocity 

(m/s) and wi the settling velocity (m/s). Several criteria exist (Fig. 2.9a), which all point to different 

probabilities of suspension. From Cheng and Chiew (1999) it follows that a state of 0.01% 

probability of suspension (≈beginning of suspension) can be reached by many grain sizes, while a 
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state of 45% probability of suspension can (under normal conditions) only be reached by very 

small grains (smaller than about 0.2 mm) (Fig. 2.9b). Though the curves in Fig. 2.9b are in 

principle only valid for uniform sediments and will be somewhat flatter for non-uniform mixtures 

due to hiding-exposure effects (Fig. 2.9c; Niño et al., 2003), the general conclusion remains the 

same. Fig. 2.9b indicates that in gravel-bed rivers none of the size fractions on the river bed can 

become significantly suspended, implying that suspended load transport does not increase the 

transport selectivity in gravel-bed rivers. (Note that suspended load transport in gravel-bed rivers 

certainly occurs, but it consists largely of wash-load grains that do not interact with the river bed). 

In sand-bed rivers a significant part of the bed-material load travels in suspension (also see Dade 

and Friend, 1998), and because the suspension predominantly consists of fine sand grains (the 

coarse sand grains travel as bed-load), the transport selectivity in sand-bed rivers probably is 

strongly increased by the presence of suspended load transport.  

If the hydraulic conditions in a river promote dune development, the transport selectivity may 

be further enhanced. In these conditions, the source of the suspended load is the sediment that is 

present in the top of the dunes, which often is much finer than the average bed-load. This may 

result in a greater size difference between bed-load and suspended load than in rivers with a plane 

bed. 

Finally, it should be mentioned that suspended load transport in itself is also selective, because 

of the differences in settling velocity between coarse and fine suspended grains. Coarse grains are 

only present in the lowermost part of the water column, while fine grains are present throughout 

the water column. Because the flow velocity in the lower part of the water column is relatively 

Figure 2.9 Size-selectivity during suspended load transport. a) Criteria for the beginning of suspension in 

uniform sediment at 20 0C, constructed by combining the suspension criteria of 1) Bagnold, 1966; 2) Xie, 

1981; 3) Celik and Rodi, 1984; 4) Delft, 1982; and 5) Engelund, 1965; with the settling velocity relation 

given by Dietrich (1982). b) Probability (P) of suspension in uniform sediment, after Cheng and Chiew 

(1999). c) Hiding-exposure function for suspended sediment (Niño et al., 2003). τs= critical shear stress for 

the beginning of suspension; Di = mean grain size of fraction i; Droughness, size of roughness grains (≈D90). 

Frings - From gravel to sand



 

 39

low, the average velocity of coarse suspended grains is smaller than the average velocity of fine 

suspended grains, resulting in selective transport (e.g. Deigaard, 1980).  

Local sorting processes  

Selective transport processes during threshold-of-motion conditions and during higher transport 

stages result in a sorting of the river bed, not only at the scale of the entire river (downstream 

fining), but also at a local scale. These local sorting processes in turn affect the degree of selective 

transport and may significantly influence the downstream fining rate. Below, the main sorting 

processes in gravel-bed rivers (armouring and patchiness) are described shortly, and their 

relevance for large sand-bed rivers is evaluated. Afterward, two additional sorting processes are 

discussed that are commonly not associated with downstream fining, but can have a significant 

influence on downstream fining in large sand-bed rivers: bend sorting and dune sorting. 

 

Armouring 

Armouring is a small-scale sorting process that results in a thin layer of coarse grains at the bed 

surface. Two types of armour layers can be distinguished: stable armour layers and dynamic 

armour layers. A stable armour layer develops when the bed shear stress is in between the critical 

value for the finest grains on the bed surface and the critical value for the coarsest grains. Fine 

grains then are washed away, causing the bed surface to coarsen (e.g. Sutherland, 1987; Lisle and 

Hilton, 1999). The remaining fine grains on the bed surface then become increasingly hidden by 

the coarser grains, and eventually none of the surface grains can be moved by the flow any more. 

If a stable armour layer has developed, the sediment transport rate becomes very low. When the 

bed shear stress increases, the armour layer coarsens because increasingly coarse material is 

winnowed away from the bed (e.g. Gomez, 1994). The armour layer is suddenly broken up when 

the bed shear stress becomes equal to the critical value for the armour grains, which is dependent 

on their size and shape (Gomez, 1994). Stable armour layers affect the size-selectivity of the 

sediment transport process in a complicated way. The formation of the armour layer always 

involves selective transport (cf. Church et al., 1991) and if a stable armour layer is present, fine 

grains may quickly move over it in the form of sand waves or dunes, causing strongly selective 

transport (Lisle and Hilton, 1999, Ryan et al., 2002; Kleinhans et al., 2002). However, if a stable 

armour layer is broken up, there is equal entrainment mobility, because all grain sizes then start 

to move at the same shear stress.  

Dynamic armour layers develop if (a) the bed shear stress is large enough to transport both 

the fine and the coarse grain size fractions (implying a continuous supply of sediment from 

upstream) and (b) the intrinsic difference in mobility between coarse and fine grains causes the 

fine grains to be winnowed from the bed surface, overexposing the coarse grains on the bed 

surface. Dynamic armour layers may disappear at high bed shear stresses (e.g. Gomez, 1995), but 

this is not necessary the case (Wilcock and Detemple, 2005; Parker et al., in press). The presence 
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of a dynamic armour layer strongly decreases the degree of selective transport and may even cause 

equal mobility. The equal-mobility hypothesis states that the intrinsic differences in mobility 

between coarse grains and fine grains which are not effaced by hiding and exposure effects 

(‘micro hiding’) are cancelled out by the underrepresentation of fine grains at the bed surface 

(‘macro hiding’), resulting in (a) equalisation of mobility of coarse and fine bed-load grains and 

(b) equalisation of the grain-size distribution of the average annual sediment load to the grain-

size distribution of the subsurface material (Parker et al., 1982, Parker and Klingeman, 1982). The 

equal-mobility concept is a reasonable approximation for gravel-bed rivers that are more or less at 

equilibrium, but only applies to the coarse part of the sediment (Lisle, 1995; Parker and Toro-

Escobar, 2002). (Thus sand can still be preferentially transported in a gravel-bed river). Besides, 

dynamic armour layers often do not cause exact equal mobility (e.g. Paola and Wilcock, 1989).  

Although armour layers may strongly affect downstream fining in gravel-bed rivers, they are 

of minor importance for large sand-bed rivers. In these rivers, the range in critical shear stress is 

relatively small (because of the small mixture standard deviation), frustrating armour formation. 

Furthermore, the presence of migrating dunes may quickly disturb possible armour layers. The 

formation of armour layers, however, may be locally important in sand-bed rivers if the flow 

strength is relatively low and the sediment mixture contains some gravel, or if the sediment 

supply from upstream is blocked off by dams (e.g. Williams and Wolman, 1984). 

 

Patchiness and bend sorting 

In gravel-bed rivers the bed sediments are often sorted in small patches of coarse or fine sediment. 

Patches can either be organised perpendicular or parallel to the flow (e.g. Iseya and Ikeda, 1987; 

Dietrich et al., 1989a; Wilcock and McArdell, 1993) and can result from various mechanisms (e.g. 

Paola and Seal, 1995; Lisle, 1995; Toro-Escobar et al., 2000).   

Whether patches affect the size-selectivity of the transport process depends on the spatial 

correlation between the actual and critical bed shear stress. In some situations, coarse patches 

develop because of locally higher flow velocities. The increase in critical bed shear stress then can 

be exactly compensated by the increase in actual bed shear stress, making coarse patches equally 

mobile as fine patches (Paola and Seal, 1995; Ferguson, 2003b). In other situations, however, the 

actual and critical bed shear stress are uncorrelated, causing coarse patches to move less 

frequently and less fast than finer patches, even if equal mobility is satisfied exactly within a patch. 

This mechanism has been successfully applied to explain downstream fining in the North Fork 

Toutle River (Paola and Seal, 1995; Seal and Paola, 1995).  

It addition to small-scale patchiness, also the larger-scale sorting in river bends can contribute 

to the selectivity of the transport process (e.g. Clayton and Pitlick, 2007). Due to bend sorting, 

inner meander bends are often much finer than outer bends. The higher critical bed shear stress 

in outer bends may be compensated by a higher flow velocity, but if this is not the case, bend 

sorting increases the transport selectivity and the downstream fining rate. For sand-bed rivers, 

small-scale patchiness probably is of minor importance (except if the sediment mixture contains 
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some gravel), but bend sorting may affect the degree of selective transport, especially if the flow 

conditions are not too far above threshold of motion. 

 

Dune sorting 

If the river bed is covered with dunes, the bed may become sorted vertically through two 

processes: sorting in the bed form troughs and sorting at the steep lee-side slopes. In bed form 

troughs an accumulation of coarse grains occurs, due to preferential deposition of the coarse 

fractions (Kleinhans, 2001, 2005a) and winnowing of the finer fractions in situations of partial 

transport (Blom, 2003). Whenever an armour layer is present, the winnowing of fines in the 

troughs will cause the armour layer to sink and become buried (e.g. Willis, 1988).  

Sorting at the lee-side slopes occurs when coarse grains roll further down the lee face than fine 

ones, because they have greater velocities, experience less friction and are less likely to find a 

suitable pore in which they can become entrapped (Allen, 1965, 1984). Kleinhans (2001, 2005b) 

proposes another mechanism, explaining sorting at the lee-side slope in three phases. First, the 

grains fall from suspension at the top of the slope. Second, small grains on the lee side slope are 

worked down by kinematic sorting and percolation, while coarse grains are worked up. Third, the 

sediment on the lee slope flows downstream as a grain flow in which preferentially large grains 

are dragged downstream.  

Both sorting processes lead to a fining upward profile from the bottom to the top of the 

transport layer. Because the dune height generally increases with discharge, during low flow 

periods only the upper part of the fining upward profile established during floods can be 

transported downstream. The bed-load composition during low flows thus is finer than the bed-

load composition during high flows. Because low flow conditions occur much more frequent, 

coarse grains are generally underrepresented in the bed-load, causing a distinct difference 

between the transport rates of coarse and fine material (Deigaard, 1980; Frings and Kleinhans, 

2002). This mechanism can be considered as a special case of the topographic sorting mechanism 

described by Paola (1989). Topographic sorting results from the tendency of coarser grains to be 

concentrated preferentially on topographic low surfaces. These surfaces are buried a greater-than-

average proportion of time, causing coarse grains to be generally underrepresented in the bed 

load. Dune sorting may be expected to be most effective if the sediment mixture is wide and if 

aggradation occurs, because in aggradational areas, the coarse grains in the deep bed layers 

become permanently unavailable for downstream transport, thus increasing the rate of 

downstream fining.   

Selective transport in large sand-bed rivers 

From the preceding sections it can be deduced that the degree of selective transport must be 

significantly less in sand-bed rivers than in gravel-bed rivers. Gravel-bed rivers often have 

bimodal bed sediments, leading to weak hiding-exposure effects and a stronger difference in 
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critical shear stress between fine and coarse grains. This difference in critical shear stress has a 

strong effect on the transport selectivity, because the actual shear stress in gravel-bed rivers is 

typically low and close to threshold-of-motion conditions. Sand-bed rivers often have unimodal 

bed sediments with strong hiding-exposure effects and consequently only a small difference in 

critical shear stress between coarse and fine grains. Furthermore, many sand-bed rivers (but not 

all) are in a state of fully-mobilised transport with the shear stress far above the critical value (e.g. 

Dade and Friend, 1998), making differences in critical shear stress between coarse and fine grains 

relatively unimportant. Selective transport in these rivers is probably mainly the result of the 

coarser part of the sediment travelling as bed load and the finer part travelling in suspension, in 

combination with the effects of dune sorting and perhaps bend sorting. Note that these are all 

processes that act on a relatively large scale, whereas downstream fining in gravel-bed rivers is 

usually ascribed to selective-transport processes on a smaller scale.  

Within sand-bed rivers, the degree of selective transport probably decreases downstream. In 

the upstream part of sand-bed rivers, the sediment mixture often still contains some gravel and 

therefore is slightly bimodal. This not only leads to relatively weak hiding-exposure effects (and 

therefore to a relatively large difference in critical shear stress between coarse and fine grains), but 

also to strong sorting effects. Bend sorting, dune sorting and patchiness may all contribute to 

selective transport here, though their effects may be partly offset by (mobile) armouring, which 

probably also occurs locally in the upstream part of sand-bed rivers. Note that the upstream part 

of large sand-bed rivers typically forms the downstream continuation of the gravel-sand 

transition zone, where sediment transport is known to be extremely selective due to the presence 

of patchiness (e.g. Sambrook Smith and Ferguson, 1996) and due to the transition from a clast-

supported bed to a matrix-supported bed (e.g. Wilcock, 1998). In the downstream part of large 

sand-bed rivers, bed sediments are typically unimodal, leading to strong hiding-exposure effects 

and a smaller sorting efficiency. As a result the transport selectivity will be very low. There are 

even indications that coarse grains may be more mobile than fine grains in these conditions, 

either because they are preferentially entrained (according to Wiberg-Smith this occurs if the D50 

is close to 0.5 mm), or less easily deposited (due to the low bed roughness). 

Just as in gravel-bed rivers, the degree of selective transport in sand-bed rivers is likely to vary 

with flow conditions, with the lowest degree of selective transport during floods. These temporal 

variations make it difficult to properly determine the long-term averaged degree of size selectivity, 

which is what counts for downstream fining. The long-term averaged degree of size selectivity 

could be determined by following tracer particles in their downstream transport over several years 

(Ferguson et al., 1996; Ferguson and Wathen, 1998) or by comparing the average composition of 

the transported sediments to the composition of the bed sediments (Kuhnle, 1992; Lisle, 1995, 

Wathen et al., 1995; Parker and Toro-Escobar, 2002). Any difference between transport 

composition and bed composition indicates size-selective transport. Such studies have been done 

for gravel-bed rivers, but not for sand-bed rivers. Following tracer particles in large sand-bed 
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rivers is rather difficult because of the large water depth, small grain sizes and the burial of 

sediments by dunes.  

2.4 Sediment addition and extraction  

The introduction of sediment of different origin into a river can obscure the effects of selective 

transport and abrasion. The same counts for the size-selective extraction of sediment from the 

main channel. In gravel-bed rivers the main sediment addition and extraction processes are: 

tributary confluences, non-alluvial sediment sources and anthropogenetic dumping and dredging 

of sediment. In the following sections these processes and their relevance for large sand-bed rivers 

are described shortly. Afterwards, three processes are discussed that commonly are not associated 

with downstream fining, but which may have a significant influence on downstream fining in 

large sand-bed rivers: (1) sediment distribution at river bifurcations; (2) overbank deposition and 

(3) channel migration. 

Tributary confluences 

The most striking cause of grain-size discontinuities in gravel-bed rivers are tributary 

confluences. Tributary confluences only rarely cause a decrease in mainstream grain size; they 

typically result in a sudden grain size increase (e.g. Ichim and Radoane, 1990; Brewer and Lewin, 

1993; Rice and Church, 1998). This is because fine material entering a coarse river is washed 

away, while coarse material entering a fine river instantly comes to rest on the bed. Furthermore, 

this deposition causes a decrease in bed gradient upstream of the confluence, resulting in low bed 

shear stresses and deposition of relatively fine material, so increasing the grain size jump at the 

confluence (Dawson, 1988).  

According to Rice and Church (1998) only 23 of 156 investigated tributaries in British 

Columbia have a distinct influence on the grain size in the main stream. In his Piave study Surian 

(2002) also found that most tributaries do not disrupt the downstream fining trend of the main 

river. Whether or not a tributary confluence changes the mainstream grain size depends on the 

relative volume and relative size characteristics of the sediment input (Knighton, 1980). In 

particular, the greater the volume of an input and the greater the grain size disparity between it 

and the main-stream material, the greater the change in main-stream grain size. The water 

discharge of the confluence also plays a role: a tributary which introduces a significant quantity of 

water but little sediment, can, by increasing the bed shear stress, produce an increase in main-

stream grain size (Rice, 1998).  

For large sand-bed rivers, the effect of tributaries on downstream fining is expected to be 

small in general, because tributaries are much more common in the upper and middle (gravel-

bed) reaches of a river than in the lower (sand-bed) reaches and because tributaries that do occur 

in lowland sand-bed rivers often are relatively small compared to the main stream, making the 
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chance that the tributary significantly affects the main-stream downstream fining trend small. 

Furthermore, large sand-bed rivers often have extensive floodplains, so that tributaries have the 

same slope as the main river and therefore do not supply coarser material. Exceptions, of course, 

do occur. For instance the fine-sandy Ganges river is joined by numerous tributaries, which 

supply large amounts of water and sediment from the Himalayas and the North Indian Craton 

region. Recently it was shown that tributaries draining the Himalayas have little or no effect on 

the downstream fining rate of the Ganges, whereas tributaries draining the North Indian Craton 

region often cause a coarsening of the Ganges river bed (Singh et al., 2007; also see Fig. 2.1c). This 

is because the latter tributaries supply relatively coarse sands, something which may be related to 

the ephemeral character of many of these tributaries (Singh et al., 2007). Laronne and Reid (1993) 

showed that ephemeral rivers are much more effective in transporting coarse sediment than their 

perennial counterparts.  

Non-alluvial sediment sources 

In river headwaters, non-alluvial sediment inputs often prevent a systematic downstream fining 

trend. The input of non-alluvial sediment by mass movements or soil creep usually has a local 

coarsening effect, but if also large woody debris are delivered into the river, the situation becomes 

more complex. Large woody debris often form log jams, with an increase in grain size downward 

of the jam and a decrease upward of the jam (Rice and Church, 1996). Note that sediment 

supplied from hillslopes in river headwaters is often very prone to abrasion, so that the coarsening 

effect of a non-alluvial sediment supply may be less than expected. If non-alluvial sediment is 

supplied along the entire river length, equilibrium may develop between sediment supply and 

abrasion, causing downstream fining to cease (Sklar et al., 2006).  

In most cases, processes like soil creep and mass movements hardly affect downstream fining 

in large sand-bed rivers, which often have extensive floodplains. However, non-alluvial sediment 

sources may locally have an influence. This is, for instance, the case with the Rhine, which locally 

cuts into ice-pushed ridges, resulting in a supply of Pleistocene non-alluvial sediment to the river 

bed (e.g. Gruijters et al., 2003).  

Dumping and dredging 

When a river flows through cultivated areas, the downstream fining trend can be affected by 

anthropogenetic dumping of sediment. Dumping often aims at preventing bed degradation 

downstream of river dams (e.g. Gölz, 1990) or at disposal of mining waste (e.g. Cui and Parker, 

1999; Knighton, 1989, 1999a). The effects of dumping on the downstream fining trend is greatest 

if the dumped volume is relatively large and of a distinctly different composition than the local 

bed (Knighton, 1980). Not only the grain size composition of the supplied material counts, but 

also the lithological composition and the degree of roundness. A supply of weakly durable or 
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angular grains into a river with durable, well-rounded grains on the bed, strengthens abrasion, 

causing an increase in downstream fining rate (Gölz et al., 1995).  

Large sand-bed rivers usually do not degrade and therefore the effect of dumping on 

downstream fining will be small (except when the river flows through a mining area). However, 

the opposite of dumping, dredging, does frequently occur in large sand-bed rivers. Motives for 

dredging are either deepening of shipping routes or economic winning of sand and gravel. 

Dredging usually focuses on a particular grain size range, so dredging can have a significant 

influence on downstream fining in large sand-bed rivers. Dredging can also influence 

downstream fining by strengthening bed degradation (e.g. Wyzga, 1991). If the river bed 

degrades, fine grains are preferentially winnowed, causing a coarsening of the river bed, so 

preventing a quick downstream fining. 

Sediment distribution at river bifurcations 

Not only tributary confluences, but also river bifurcations can cause discontinuities in 

downstream fining trends (Ten Brinke, 1997). Despite an increasing attention for river 

bifurcations in recent years (e.g. Bolla Pittaluga et al., 2003; De Heer and Mosselman, 2004; Ten 

Brinke, 2005), the causes of these grain-size discontinuities have not yet been studied in detail. 

One situation in which a grain-size discontinuity may develop is if the main channel is perched as 

a result of aggradation. A distributary flowing into the flood basin then will be locally steep, 

causing winnowing of fine grains and a local increase in grain size. Slightly downstream in the 

distributary, however, the bed grain size will be similar to that in the main stream. A more 

structural difference in grain size between the two downstream branches probably develops if the 

bifurcation is situated in (or at the end of) a river bend. This probably is a common situation, 

because bifurcations in lowland rivers often develop from crevasse splays in the outer bend of 

river meanders (e.g. Smith et al., 1989). Two mechanisms for the generation of a grain-size 

discontinuity are proposed here.  

The first mechanism assumes that all grain size fractions in the river bed are fully mobile. The 

sediment in the meander bend upstream of the bifurcation then may become sorted because the 

helicoidal flow pattern transports fine grains towards the inner bend, while gravity transports 

coarse grains towards the outer bend. This results in a progressive segregation of coarse and fine 

size fractions throughout the bend. Due to this bend sorting, the river branch that originates in 

the outer bend receives a coarser sediment load than the river branch that originates in the inner 

bend. The width-averaged bed grain-size thus suddenly increases from the main channel to the 

outer-bend branch, while the width-averaged bed grain size decreases from the main channel to 

the inner-bend branch.  

The second mechanism assumes that the coarsest size fractions in the river bed are immobile 

for a part of the year. Bend sorting then develops because fine grains are washed away in the outer 

bend due to high bed shear stresses, leaving coarse lag deposits behind (Dietrich and Whiting, 
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1989). These coarse grains will flow into the outer-bend branch at high discharges, but for most of 

the year, the outer-bend branch receives only a small supply of fine grains moving over the coarse 

bed. The bed-load transport in the outer-bend branch then is supply limited, and fine grains are 

winnowed from the bed, causing an increase in bed grain size relative to the main channel. 

Until now, grain size discontinuities at river bifurcations have only been reported from the 

Rhine, which is heavily engineered (Ten Brinke, 1997). Meander migration and avulsions have 

been prevented since about 1850 AD. Therefore bend sorting has had sufficient time to develop 

and to cause a distinct grain size discontinuity at river bifurcations. In natural rivers, however, 

avulsions regularly lead to new river bifurcations and meanders continually migrate downstream, 

causing continuous changes in local bed grain size (e.g. Dietrich and Whiting, 1989). 

Discontinuities in downstream fining trends only occur if the timescale of bed grain size 

Figure 2.10 Effects of grain size distribution, degree of bend sorting and downstream river width on the 

magnitude of the grain size discontinuity at river bifurcations: a) maximum grain size discontinuity; b) no 

discontinuity due to nearly uniform sediment; c) no discontinuity due to absence of bend sorting (because 

there is no bend) d) small discontinuity because the channel bifurcating from the outer bend is too wide 

and captures part of the fine grains. D = grain size (mm); D50 = median grain size (mm); x = distance 

downstream (m). 
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adaptation is smaller than the meander migration rate, and much smaller than the avulsion 

frequency. In most rivers this is the case, because meander migration requires the displacement of 

entire point bars, while grain size adaptation only requires winnowing and transport processes in 

the upper few centimetres of the river bed.  

The magnitude of the grain size discontinuity at river bifurcations probably depends on the 

following local factors. If winnowing of fines in the outer-bend branch is the primary mechanism, 

then the grain size discontinuity will be greatest if the outer-bend branch receives a large 

proportion of the upstream water supply, but a small proportion of the upstream sediment 

supply. If a coarse-sediment-supply to the outer-bend branch is the primary mechanism, the 

grain size discontinuity will be greatest if: (1) the grain size distribution in the main channel is 

wide (or even bimodal), (2) the bend sorting process causes a strict segregation of fine grains in 

the inner bend and coarse grains in the outer bend, and (3) the width of the outer-bend branch is 

so that this branch captures all the coarse grains, but none of the fine grains. This is illustrated in 

Fig. 2.10. 

Discontinuities in downstream fining trends due to bifurcations can be expected to be 

common in large sand-bed rivers, because many of these rivers are situated in delta areas where 

rivers strongly bifurcate. Grain size discontinuities may also develop at river bifurcations in 

gravel-bed rivers, but this will not cause a significant discontinuity in the downstream fining 

trend at the reach scale, because bifurcating channels in (braiding) gravel-bed rivers always 

quickly rejoin the main channel, nullifying the grain size discontinuity. 

Overbank deposition 

During floods, a part of the sediment load in the main channel is transferred to the floodplains by 

turbulent diffusion and advection. Turbulent diffusion results from the difference in flow velocity 

between the channel and the floodplain and is restricted to a narrow strip close to the channel. 

Advective transport occurs if there is a flow component perpendicular to the channel, for instance 

in (outer) meander bends (Ten Brinke et al., 1998; Nicholas and Walling, 1998). Advection is able 

to distribute sediment over the entire floodplain and can even cause bed-load sediment to enter 

the floodplain. The coarsest size fractions that enter the floodplain settle down completely, usually 

relatively close to the channel, but part of the finest size fractions may flow back into the main 

channel.  

Four conditions must be fulfilled before overbank deposition can affect downstream fining 

significantly: (1) the deposited sediment must result from entrainment of bed sediments, (2) the 

deposited sediment must differ in grain size composition from the local bed sediments, (3) the 

depositional volumes must be larger than the volume of sediment that is remobilised by channel 

migration, and (4) the depositional volumes must be not too small relative to the volume of 

sediment in transport.  
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For gravel-bed rivers, condition 1 is often not fulfilled. Overbank deposits along gravel-bed 

rivers generally stem largely from soil erosion in the headwaters of the river, suggesting that 

overbank deposition has little effect on downstream fining in gravel-bed rivers. For sand-bed 

rivers, condition 1 is often partly fulfilled. Part of the overbank deposits consists of silt and clay 

stemming from soil erosion in the headwaters of the river (these deposits are mainly found in the 

flood basins). Another part of the overbank deposits however, consists of fine sand that was 

entrained from the river bed shortly upstream (these deposits are mainly found very close to the 

river: at the natural levees or in crevasse splays). Condition 2 is generally fulfilled: overbank 

deposits are usually much finer than the local bed sediments due to their transport in suspension. 

Condition 3 is usually fulfilled in aggradational conditions, but whether condition 4 is fulfilled 

depends on the flood magnitude and duration, on the sinuosity and gradient of the river and on 

the presence of embankments and river training works (e.g. Asselman and Middelkoop, 1998; Ten 

Brinke et al., 1998; Xu, 2002). These conditions may vary considerable between rivers. For the 

lower river Rhine it has been shown that the volume of overbank deposition (excluding wash-

load) during high-magnitude floods is of the same order as the sand input from upstream (Ten 

Brinke et al., 1998). High-magnitude floods, however, have a low occurrence frequency and 

therefore the average annual loss of bed sediments to the floodplains is much smaller: in the order 

of 10%.  

From the above it is expected that overbank deposition may have a significant effect on the 

downstream fining rate, but the magnitude of this effect is unclear. Because overbank deposition 

involves a removal of fine grains from the main channel, overbank deposition will lead to a 

coarsening of the bed surface and a decrease in the rate of downstream fining. 

Related to the process of overbank deposition is the exchange of fine sediment between the 

main channel and the groyne-field pocket beaches (if present). In the river Rhine, fine grains are 

transported from the groyne fields to the main channel during low flow conditions, due to 

currents and waves induced by navigation traffic. Transport in the opposite direction occurs 

primarily at high discharges, due to non-navigation currents. According to Ten Brinke et al. 

(2004), the deposition of fines during high discharge periods equals the erosion of fines during 

low flow periods, so the net transport is zero. This implies that groyne field processes do not affect 

the downstream fining trend in the main channel. 

Channel migration 

Large sand-bed rivers often have a meandering plan form and the migration of meanders causes a 

continuous exchange of sediment between the river and the floodplains. Point bar formation in 

inner bends causes a loss of sediment from the main channel, whereas bank erosion in outer 

bends involves a gain of sediment for the main channel. In equilibrium (non-aggrading) 

situations, both processes equal each other in volume and grain-size composition, which implies a 

zero effect on downstream fining rates. In case of net aggradation, however, there is a net 
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extraction of coarse sediment from the main channel (because the coarse sediments in the deepest 

parts of the channel are ‘lost’ during the sedimentation process and not replenished by bank 

erosion). This may increase the downstream fining rate.  

2.5  Synthesis and discussion 

After having discussed a range of processes that affect downstream fining in large sand-bed rivers, 

three questions remain to be solved: (1) Which processes are dominant? (2) How do these 

processes exactly lead to downstream fining? (3) Can existing numerical models simulate these 

processes? 

The dominant processes 

Abrasion versus selective transport 

There has been a long debate whether abrasion or selective transport is the main downstream 

fining mechanism. In large sand-bed rivers, selective transport certainly is dominant, for observed 

downstream fining rates (0.02-0.80% diameter reduction per km, Fig. 2.1), are markedly higher 

than estimates of the abrasion rate (0.001-0.01% per km, Fig. 2.4). It is difficult, however, to 

determine exactly the relative contribution of abrasion and selective transport to downstream 

fining, because their effects often cannot be isolated in field conditions. The dominance of 

selective transport is generally thought to be largest if the sediment is durable (e.g. Bradley, 1970; 

Werritty, 1992), the transport is capacity limited (Shaw and Kellerhals, 1982) and the longitudinal 

profile is strongly concave (see below; Ferguson and Ashworth, 1991). It is possible that the 

relative importance of abrasion and selective transport in sand-bed rivers changes in downstream 

direction, because the intensity of both abrasion and selective transport changes in downstream 

direction (see preceding sections). In particular, uncertainty remains about the relative 

importance of abrasion and selective transport in the upstream part of sand-bed rivers (near the 

gravel-sand transition). There are some indications that abrasion rates in these circumstances are 

relatively high as the result of crushing, but selective transport rates may be very high here as well 

(see sections “Abrasion in large sand-bed rivers” and “Selective transport in large sand-bed 

rivers”).  

 

The dominant selective transport processes 

In sand-bed rivers where the flow conditions are not too far above the threshold of motion, 

selective transport may be strongly determined by the difference in threshold of motion between 

fine and coarse grains. It is expected, however, that selective transport in most sand-bed rivers is 

mainly due to the effects of suspended load transport in combination with the effects of dune 

sorting and bend sorting, which are all processes that act on a relatively large scale. Note that 

downstream fining in gravel-bed rivers is usually ascribed to selective-transport processes on a 
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smaller scale, which indicates that downstream fining in sand-bed rivers is different in character 

from downstream fining in gravel-bed rivers. A full determination of the relative importance of 

selective transport processes remains a challenge for the future. This certainly requires extensive 

field measurements in large sand-bed rivers, preferably in combination with sensitivity analyses 

with numerical downstream fining models (see below). 

 

The dominant sediment addition-extraction processes 

Sediment addition and extraction can obscure the effects of selective transport and abrasion 

completely, but the importance of addition and extraction processes varies strongly over short 

distances. In large sand-bed rivers, river bifurcations, overbank deposition, channel migration 

and dredging all can significantly affect the downstream fining rate, whereas the effect of 

tributaries, non-alluvial sediment sources and dumping is generally small. Determination of the 

combined influence of all sediment addition-extraction processes on a certain location requires 

the construction of a detailed, fractionwise sediment balance, which quantifies not only the 

addition and extraction processes but also in-channel processes such as selective transport and 

abrasion.  

The development of downstream fining patterns 

Effect of bed profile shape 

Downstream fining patterns caused by abrasion and selective transport are intrinsically different. 

Pure abrasion produces ‘stable’ downstream fining patterns (which hardly change over time), 

regardless of the shape of the longitudinal bed profile. This is because the abrasion rate in a 

particular river mainly depends upon the characteristics of the sediment supply (e.g. size, 

lithology, roundness, weathering susceptibility), which hardly change over relevant time scales.  

Selective transport processes, however, do not automatically lead to stable downstream fining 

patterns. If the sediment transport is selective, fine grains are entrained earlier during a discharge 

wave than coarse grains (or deposited later), while their transport rate during the discharge wave 

may be higher. Fine grains thus run down the river more quickly than coarse grains, leading to a 

separation of fine and coarse grains. The established downstream fining pattern eventually 

disappears, however, because coarse grains also travel downstream (cf. Van Stralen, 1999). The 

bed composition thus becomes the same over the entire river length. 

Only if the longitudinal bed profile is concave, selective transport can produce a more or less 

stable downstream fining pattern. Now there is a downstream decrease in stream gradient that 

results in a downstream decrease in bed shear stress (see Knighton, 1999b; Rice and Church, 

2001). This may prevent coarse grains to reach the downstream end of a river, because the size of 

the grains that can be entrained by the flow decreases downstream. More important for sand-bed 

rivers, probably, is the fact that the downstream decrease in bed shear stress results in a decrease 

in transport capacity for transporting sediment in suspension, leading to a sediment flux from 
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suspension to bed load. Because the transport capacity decreases faster for coarse grains than for 

fine grains, the size of the sediment that settles down from suspension decreases in downstream 

direction, causing a stable downstream fining of bed(-load) sediment. 

 

Temporal changes in bed profile shape 

In the preceding paragraphs it was implicitly assumed that the shape of the longitudinal bed 

profile does not change over time. On timescales of landscape evolution, however, the bed profile 

certainly changes. Numerical modelling studies (see below) indicate that the time scale for 

changes in profile shape is much larger than the time scale for the development of downstream 

fining, which implies that the downstream fining rate generally will be adapted to the bed profile.  

An intriguing question is whether rivers that at present have a concave profile, will develop a 

linear profile in future, for this would strongly decrease the downstream fining rate. Consider a 

hypothetical river with a constant discharge that is unaffected by abrasion, tectonics or sea level 

rise and dominated by bed-load transport. Eventually this river develops an equilibrium bed 

profile. To keep this profile, the sediment transport must be constant over the river length; each 

grain that enters a river section also leaves the section, which means that sediment transport is not 

size selective any more (Mackin, 1948). This can only be accomplished if the bed slope is constant 

over the river length, implying a linear bed profile (Ohmori, 1991; Rice and Church, 2001).  

Although short river reaches sometimes have an approximately linear profile, on the scale of 

the entire river, this is seldom the case. Development of a linear longitudinal profile requires 

aggradation across the full valley or floodplain width. The time scale for achieving such is 

generally longer than the time scale of external controls (such as sea level rise or basin 

subsidence), which trigger the formation of a concave profile. Besides, rivers do not only develop 

a concave bed profile in case of sea level rise or basin subsidence, they also develop a concave 

profile if tributaries cause a downstream increase in river discharge or if abrasion takes place 

(Sinha and Parker, 1996). Furthermore, a concave profile may develop if uplift takes place in the 

upstream part of the river basin, a situation that is very common in large river basins (mountain 

building). Here it is hypothesised that for sand-bed rivers in coastal lowlands, also the presence of 

tides may induce a concave bed profile. Tides cause an increase in flow discharge during outgoing 

tide. To accommodate this increased discharge, the river width must increase in downstream 

direction, the net effect over a complete tidal cycle possibly being a downstream decrease in flow 

velocity and transport capacity, inducing a concave bed profile. 

It should be noted that the sediment addition-extraction processes described above all have a 

strong influence on profile shape. Therefore, they do not only directly affect downstream fining 

(by addition or extraction of sediments with a different grain-size distribution than the main 

channel), but they also indirectly affect downstream fining (by changing the profile shape, bed 

slope and transport selectivity). For instance, channel migration causes the total amount of bed-

sediment deposition to be spread out over the entire meander belt, decreasing aggradation rates 

within the channel and therefore enhancing profile concavity and downstream fining rates 
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(Wright and Parker, 2005b). The effect of tributaries and river bifurcations on the profile 

concavity not only depends on the amount of sediment that is supplied to the downstream river 

reaches, but also on the amount of water that is supplied to these reaches, because together these 

determine the aggradation (or degradation) rate.  

 

Aggradation and degradation 

It is important to realise that the occurrence of downstream fining in rivers with a concave bed 

profile is intimately linked with the process of bed aggradation. As stated above, selective 

transport in concave rivers often implies that coarse grains do not reach the downstream end of 

the river. This means that they must be deposited somewhere en route, which involves net 

aggradation. Short rivers generally have a strong profile concavity (Morris and Williams, 1997), 

causing a high degree of selective transport, and leading to a strong downstream fining, but also 

to rapid aggradation. Therefore, it is not surprising that rapidly aggrading rivers and alluvial fans 

generally have high downstream fining rates (e.g. Bradley et al., 1972; Brierley and Hickin, 1985; 

Dawson, 1988; Rice, 1999). Note, however, that aggrading river reaches do not always have high 

downstream fining rates. For instance, large lowland sand-bed rivers typically aggrade in natural 

(Holocene) conditions, but because their profile concavity is small, they have a low downstream 

fining rate (Fig. 2.1). On the other hand, bed degradation does not prevent downstream fining 

(Gasparini et al., 1999). Bed degradation in alluvial rivers may even bring older deposits to the 

bed surface, with a possibly stronger downstream fining rate than the present river bed. 

Nevertheless, degradational river reaches often have a relatively low downstream fining rate, 

because especially fine grains are eroded from the bed, leaving the coarser fractions behind and 

preventing a rapid fining of the bed (see also Constantine et al., 2003). 

Numerical downstream fining models 

To better determine the relative importance of downstream fining processes in large sand-bed 

rivers, numerical models can be a useful tool. 

 

Description of existing models 

Given the intense interest in the downstream fining of gravels, it is not surprising that most 

downstream fining models have been especially developed for gravel-bed rivers (e.g. Parker, 1991; 

Paola et al., 1992b; Hoey and Ferguson, 1994). Models that can simulate downstream fining in 

large sand-bed rivers in a realistic way are scarce in the literature. 

Two early models are those of Rana et al. (1973) and Deigaard (1980). Rana et al. (1973) 

assumed a concave bed profile and calculated the decrease in grain size necessary to transport a 

constant water and sediment discharge down the channel. The model, however, does not satisfy 

sediment continuity, which puts a severe restriction on the applicability of the model. Deigaard’s 

(1980) model is more complex and uses the Exner equation in combination with the Hirano 
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(1971) active-layer concept to satisfy sediment continuity. It crudely simulates selective bed-load 

transport (based on the Engelund-Fredsoe formula, 1976) and calculates selective suspended load 

transport using the Rouse approach (1939). 

For almost 20 years after Deigaard constructed his model, no models were developed that 

explicitly aimed at simulating downstream fining in sand-bed rivers. However, there are some 

sediment routing models that incorporate both bed load and suspended load transport and 

therefore are capable of predicting downstream fining in sand-bed rivers (e.g. Armanini and Di 

Silvio, 1988; Van Niekerk et al., 1992). These models have not been applied widely. 

 Considerable progress in the modelling of downstream fining in sand-bed rivers was made by 

Cui and Parker (1999). They constructed a model that accounts for abrasion, dumping, dredging, 

tributaries, non-alluvial sediment inputs and overbank deposition. Other characteristics of the 

model are the use of the Brownlie (1981) relations for bed-load transport and flow resistance and 

the Rouse approach for suspended load transport. Though the model was able to reproduce the 

observed downstream fining in the Ok Tedi Fly river, it proved impossible to simultaneously 

reproduce the observed aggradation. 

Recently, Wright and Parker (2005a,b) presented a model that is able to simultaneously 

simulate downstream fining and the evolution of the longitudinal bed profile in large sand-bed 

rivers. The model contains an improved relation for suspended load transport and corrects for the 

effect of density stratification on the transport rate (Wright and Parker, 2004a,b). The model is 

based upon the bed-load equation of Ashida-Michiue (1972) and accounts for overbank 

deposition. 

 

Suggestions for future models 

If numerical models are to be used as a tool to determine the relative importance of downstream 

fining processes, a prerequisite is that all relevant processes (as summarised above) are 

incorporated in the model. Such a model, however, is not yet available. 

A major drawback of existing models is that they ignore the effects of dune sorting and bend 

sorting. This may be the reason that the models predict a negligible effect of selective bed-load 

transport on downstream fining (e.g. Wright and Parker, 2005b). It would be interesting to 

develop a downstream fining model that is capable of simulating bend sorting and dune sorting. 

The best way to simulate bend sorting is to use a two-dimensional modelling approach, but a 

possibly satisfying solution would be to adapt the patchiness module of Paola and Seal (1995) so 

that the model can be kept one-dimensional. Dune sorting could be incorporated by using 

Ribberink’s (1987) approach, which accounts for sorting in bed form troughs by introducing an 

additional layer between the active layer and the substrate. It would be better, however to 

combine the probabilistic Exner equation proposed by Parker et al. (2000) with a function that 

describes sorting at the lee side of dunes (e.g. Blom, 2003). 

Furthermore, overbank deposition and abrasion are possibly treated too simplistically in the 

existing models. The overbank deposition module should not only account for the settling of 
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suspended sediment in flood basins, but also for the deposition of coarser suspended sediment on 

the natural levees. The abrasion module should be able to correctly simulate the possibly complex 

abrasion processes in the upstream part of sand-bed rivers (near the zone of the gravel-sand 

transition). However, this probably is a step too far, because the exact mechanisms are still poorly 

understood. 

2.6 Conclusions 

The literature discussed in the preceding sections is summarised in the following conceptual 

model of downstream fining in large sand-bed rivers. 

The influence of abrasion on downstream fining in large sand-bed rivers is small: estimated 

abrasion rates typically are a factor 10 to 100 less than observed downstream fining rates (but 

abrasion rates may be slightly underestimated due to methodological shortcomings). Only in the 

upstream part of large sand-bed rivers (near the gravel-sand transition), abrasion rates may be 

somewhat higher due to preferential crushing and splitting. The generally low abrasion rates are 

due to the durable lithologies, small grain size, high degree of rounding, dominance of grinding as 

abrasion process and the dominance of suspended transport. Even gravel grains in sand-bed 

rivers may experience low abrasion rates. In freely meandering rivers, weathering can attack 

grains that have been temporarily deposited above water on point bars, but in confined rivers, 

grains are always submerged, making weathering insignificant.  

Selective transport is the dominant downstream fining mechanism, but rates of selective 

transport in sand-bed rivers are smaller than in gravel-bed rivers. This is because the unimodal 

sediments in sand-bed rivers exhibit stronger hiding-exposure effects, resulting in only small 

differences in threshold of motion for coarse and fine grains, but especially because sand bed 

rivers are more often in state of fully-mobilised transport, making differences in threshold of 

motion relatively unimportant.  

Selective transport in sand-bed rivers can be due to the difference in threshold of motion 

between fine and coarse grains, but in sand-bed rivers with relatively high flow conditions, 

selective transport is probably mainly the result of the presence of suspended load transport in 

combination with the effects of local sorting processes, which are all processes that act on a 

relatively large scale. Suspended load transport is size-selective because coarse suspended grains 

only travel in the lowermost part of the suspended load layer, where the fluid velocity is low, 

whereas fine grains are present in the entire water column. More important, probably, is the fact 

that sediment that travels in suspension is finer and faster than sediment that travels as bed load. 

Local sorting processes are a result of selective transport processes, but in turn affect the degree of 

selective transport. In large sand-bed rivers, the main sorting processes are dune sorting and bend 

sorting. Dune sorting increases the degree of selective transport, because it concentrates coarse 

grains in deep bed layers, which are rarely mobile. Bend sorting increases the degree of selective 

transport if the fine sediments in the inner bend are more mobile than the coarse sediments in the 
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outer bend. In the upstream part of large sand-bed rivers, two other sorting processes can be 

active: patchiness and armouring. Patchiness has an effect similar to bend sorting (though on a 

smaller scale) and increases the degree of selective transport, but armouring may have the 

opposite effect.   

Within sand-bed rivers, the degree of selective transport probably decreases downstream due 

to the decrease in mixture bimodality (leading to more hiding-exposure effects, and a smaller 

difference in threshold of motion for fine and coarse grains), and the related decrease in sorting 

efficiency. There are even indications that coarse grains are sometimes more mobile than fine 

grains in the downstream part of sand-bed rivers, either because they are preferentially entrained 

(this may occur if the D50 is close to 0.5 mm), or less easily deposited (due to the low bed 

roughness). 

Note that selective transport processes, in contrast to abrasion, do not necessarily lead to 

stable downstream fining patterns. If the sediment transport is selective, fine grains are entrained 

earlier during a discharge wave than coarse grains (or deposited later), while their transport rate 

during the discharge wave may be higher. Fine grains thus run down the river more quickly than 

coarse grains, leading to a separation of fine and coarse grains. The established downstream fining 

pattern eventually disappears, however, because coarse grains also travel downstream. Only if the 

longitudinal bed profile is concave, producing a downstream decreasing bed shear stress, the 

established downstream fining pattern is stable. Now, the size of the grains that can be 

transported by the flow decreases downstream, as does the size of the grains that travel in 

suspension. In theory, concave rivers can develop a linear bed profile after time (so that even 

‘stable’ downstream fining trends can disappear), but this takes considerable amounts of time and 

often there are several external controls that counteract the development of a linear profile. The 

occurrence of downstream fining in rivers with a concave bed profile is intimately linked with the 

process of bed aggradation: selective transport in concave rivers often implies that coarse grains 

do not reach the downstream end of the river. This means that they must be deposited somewhere 

en route. The stronger the profile concavity, the higher the degree of selective transport (and 

downstream fining), and the higher the aggradation rate will be.  

The introduction of foreign sediment into a river and the extraction of sediment from the 

river can obscure the effects of selective transport and abrasion. The dominant addition-

extraction process in large sand-bed rivers is the sediment distribution at river bifurcations. At 

river bifurcations a very sudden change in downstream fining trend can occur, because the outer-

bend branch receives a coarser sediment load than the inner-bend branch. The grain-size 

discontinuity is greatest if the grain size distribution in the main channel is wide, bend sorting 

causes a strict segregation of fine grains in the inner bend and coarse grains in the outer bend, and 

the width of the outer-bend branch is such that this branch captures all the coarse grains, but 

none of the fine grains. The grain-size discontinuity can also develop if the coarse sediments in 

the outer bend of the main channel are immobile for a part of the year. In this case the sediment 

supply to the outer-bend branch will be low, causing winnowing of fines. The grain-size 
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discontinuity then is greatest if the outer-bend branch receives a large proportion of the upstream 

water supply, but a small proportion of the upstream sediment supply. 

Other sediment addition and extraction processes that affect the downstream fining trend of 

large sand-bed rivers are overbank deposition, dredging and channel migration. Overbank 

deposition causes a decrease in downstream fining rate because it normally leads to an extraction 

of fine sediments from the main river. Dredging (for shipping or economic purposes) can cause 

both a decrease and increase in downstream fining rate, depending on the grain size of the 

material that is dredged. The influence is especially significant if the dredged volume is large. 

Channel migration may cause a net loss of coarse grains from the channel in aggrading 

circumstances, thereby increasing the downstream fining rate. All these addition and extraction 

processes not only have a direct effect on the grain size composition of the river bed, but also 

indirectly influence downstream fining by their effect on the longitudinal bed profile. 

Other sediment addition-extraction processes, such as tributary confluences, non-alluvial 

sediment sources and dumping usually have little effect on downstream fining in large sand-bed 

rivers. This is because tributaries flowing into large sand-bed rivers are rare and mostly relatively 

small, while the often extensive floodplains prevent slope processes delivering foreign material to 

the channel. Dumping of foreign sediment into large sand-bed rivers is uncommon, except if 

these rivers flow through mining areas.  

An exact determination of the relative importance of all downstream fining processes in large 

sand-bed rivers is not yet feasible. Some processes are not fully understood (such as abrasion near 

the gravel-sand transition zone), while other processes are well known, but their effect on 

downstream fining unclear (such as dune sorting and bend sorting). Furthermore, the interaction 

between the several downstream fining processes is extremely complex. A sensible way to proceed 

would be to perform extensive field measurements in (a few) large sand-bed rivers, which would 

allow the construction of a detailed, fractionwise sediment balance, in which addition-extraction 

processes are described as well as the in-channel processes of selective transport and abrasion. 

Furthermore, sensitivity analyses with numerical models are a very useful means to determine the 

relative effect of all downstream fining processes on a longer timescale. The present generation of 

numerical downstream fining models, however, does not yet incorporate all relevant processes, 

despite the considerable progress that was made in recent years. 
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Abstract 

River bifurcations strongly control the distribution of water and sediment over a river system. A 

good understanding of this distribution process is crucial for river management. In this paper an 

extensive dataset from 3 large bifurcations in the Dutch Rhine is presented, containing data on 

bed-load transport, suspended bed sediment transport, dune development and hydrodynamics. 

The data show complex variations in sediment transport during discharge waves. The objective of 

this chapter is to examine and explain these measured variations in sediment transport. It is 

found that bend sorting upstream of the bifurcations leads to supply limitation, particularly in the 

downstream branch that originates in the outer bend of the main channel. Tidal water level 

variations lead to cyclical variations in the sediment distribution over the downstream branches. 

Lags in dune development cause complex hysteresis patterns in flow parameters and sediment 

transport. All bifurcations show evidence of sediment waves, which probably are intrinsic 

bifurcation phenomena. The complex transport processes at the three bifurcations cause distinct 

discontinuities in the downstream fining trend of the river. Differences among the studied river 

bifurcations are mainly due to differences in sediment mobility (Shields value). Because the 

variations in sediment transport are complex and poorly correlated with the flow discharge, 

prediction of the sediment distribution with existing relations for 1D models is problematic.  

3.1 Introduction 

Flow bifurcations are typical features of braided rivers, alluvial fans and river deltas, and strongly 

determine the stability of a river system. A change in sediment distribution at a river bifurcation 

often leads to aggradation in one of the downstream branches. At the same time, the water 

discharge through this branch will decrease, while the water discharge through the other branch 

increases. This affects the flooding risk and navigability of both branches, as well as the 

availability of water for vegetational, agricultural and human needs. A good understanding of the 

sediment distribution process at river bifurcations thus is crucial for river management.   

 

3 
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In recent years, considerable progress was made with theoretical bifurcation studies and 

laboratory experiments (e.g. Bolla Pittaluga et al., 2003; Federici and Paola, 2003), but a major 

drawback of these studies is that they all refer to highly idealised situations, usually with constant 

discharge, constant water levels, uniform sediment and an absence of dune-type bedforms. 

Important questions thus remain unanswered. How do bifurcations behave during discharge 

waves? What are the effects of bend sorting upstream of a bifurcation on the sediment 

distribution? How do tidal water level variations affect this distribution? How does the dune 

development interact with the sediment transport? 

To study these controls on bifurcation behaviour, decades of field measurements were done in 

the river Rhine. An overview of the major field campaigns is presented here. The objective of this 

paper is to examine and explain the variations in sediment transport at the three largest river 

bifurcations during discharge waves. In particular, the following hypotheses are tested (Fig. 3.1): 

 

(1) Bend sorting upstream of a bifurcation causes supply-limited transport conditions in one 

of the downstream branches.  

(2) Tidal water level fluctuations cause cyclical variations in sediment distribution at river 

bifurcations. 

(3) The delayed adaptation of dunes after a change in flow conditions causes hysteresis in 

hydraulic roughness and bed-load transport. 

 

The rationale behind these hypotheses is as follows.  

(1) In meander bends, bend sorting causes a segregation of coarse grains in the outer bend 

and fine grains in the inner bend. This often leads to relatively low bed-load transport rates in the 

outer bend (e.g. Dietrich and Whiting, 1989). The coarse sediments in the outer bend may even be 

completely immobile during a considerable part of the year, while the fine sediments in the inner 

bend are constantly in motion. This inevitably affects the sediment distribution at a river 

bifurcation that is situated downstream of a meander bend. It is likely that the river branch that 

connects to the coarse-grained outer bend of the main channel receives a low bed-load supply 

from upstream, even if the water supply is large (Fig. 3.1a). This implies that the flow in this 

branch is able to transport more bed load than is supplied from upstream, a situation generally 

known as supply-limited transport. It is probable that bend sorting upstream of a river bifurcation 

only leads to supply limitation if the Shields value at the bifurcation is low. At high Shields values, 

all grain size fractions will be fully mobile, and the sediment distribution will be unaffected by 

bend sorting upstream of the bifurcation. 

(2) In coastal areas, the effects of bend sorting on the sediment distribution may be overruled 

by tidal effects. Both downstream branches of a river bifurcation commonly end up in the same 

water body. Tidal fluctuations of the water level in this water body propagate upstream to the 

bifurcation through both branches. Due to differences in length and flow resistance between the 

two branches, it is likely that the tidal effect of one of the branches is dominant. When the tide 
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comes in through this branch, the water and sediment discharge through this branch is 

hampered, while the water and sediment discharge through the other branch is promoted (Fig. 

3.1b). At outgoing tide the situation probably is reverse, so that the distribution of water and 

sediment at the bifurcation cyclically varies during a tidal cycle. 

(3) The bed-load transport at river bifurcations may be further complicated by dune 

development. Dunes cannot quickly adapt to changing flow conditions. Especially the dune 

length often lags behind changes in discharge (e.g. Wilbers and Ten Brinke, 2003), causing dunes 

to be steeper before the peak discharge than thereafter. Therefore, the dune steepness is expected 

to follow a clockwise hysteresis (Fig. 3.1c). Because the hydraulic roughness is positively 

correlated with the dune steepness (e.g. Yang et al., 2005), also the hydraulic roughness is 

expected to follow a clockwise hysteresis (Fig. 3.1c). Changes in hydraulic roughness have a 

complex effect on the flow conditions and bed-load transport. Nevertheless, it is often supposed 

Figure 3.1 Hypotheses regarding the sediment transport at river bifurcations. (a) Hypothesis 1: bend sorting 

upstream of a bifurcation causes supply-limited transport conditions in one of the downstream branches. 

(b) Hypothesis 2: tidal water level fluctuations cause cyclical variations in sediment distribution at river 

bifurcations. (c) Hypothesis 3: dunes only slowly adapt to changing flow conditions, causing a hysteresis in 

hydraulic roughness and bed-load transport. 
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Figure 3.2 Topography, median grain size and measurement sites at the studied river bifurcations: (a) 

Pannerdensche Kop, (b) IJsselkop and (c) Merwedekop. (Grain size information after Gruijters et al., 2001, 

2003; Frings, 2005b). 
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that hysteresis in hydraulic roughness causes an opposite hysteresis in bed-load transport (e.g. 

Kleinhans, 2005c), by reasoning that a decrease in roughness reduces the amount of bed shear 

stress needed to overcome bed friction, leaving a larger part available for bed-load transport, and 

therefore increasing the bed-load transport (Fig. 3.1c). 

In this paper, first a description is given of the three bifurcations and the measurement 

techniques. Then, the field data on flow conditions, sediment mobility, dune development and 

sediment transport are presented. Next, the three hypotheses regarding bend sorting, tides and 

transport hysteresis are discussed. Afterward, evidence is summarised for the presence of 

sediment transport waves, which seem to be intrinsic part of all three bifurcations, and possible 

explanations are evaluated. Finally, the implications of all these bifurcation controls for the 

prediction of the sediment distribution at bifurcations are discussed, as well as their influences on 

downstream fining patterns.  

3.2 Rhine bifurcations 

The river Rhine originates in the Swiss Alps, passes Germany and The Netherlands, and ends, 

after 1320 km, in the North Sea. In The Netherlands, the Rhine splits into several branches (Fig. 

3.2, inset). The main bifurcations are the Pannerdensche Kop, the IJsselkop and the Merwedekop, 

which are the subject of this study.  

At the first two bifurcations, the river bed consists of a low-mobility sand-gravel mixture, but 

at the Merwedekop, the river bed consists of highly mobile sand (Fig. 3.3). The water distribution 

at the Pannerdensche Kop is more or less constant over time, but the distribution at the IJsselkop 

strongly varies between high-flow and low-flow periods because one of the downstream branches 

contains weirs that are partly closed during low-flow periods. The water distribution at the 

Merwedekop is variable and depends on the regulation of the Haringvlietsluices, on the wind 

direction and especially on the semi-diurnal tides (Fig. 3.3). 

To allow easy comparison of the bifurcations, their river branches are coded with a letter (P, I 

or M) referring to the bifurcation and a number (0, 1 or 2) referring to the size of the branch (Fig. 

3.2). For instance, the largest branch at the Pannerdensche Kop is called P0 and the smallest 

branch at the Merwedekop M2. 

The average annual discharge of the Rhine near the German-Dutch border is 2,300 m3 s-1, 

stemming from both rain and snowmelt. The maximum discharge ever recorded was 12,600 m3 s-1 

in 1926 AD. The flow depth varies between 3 and 12 m between low-flow and high-flow periods. 

The width of the rivers between the groynes varies between 64 m and 440 m (Fig. 3.3). All Rhine 

branches are heavily engineered: banks are protected with groynes, shipping routes are constantly 

being dredged and embankments prevent flooding of the densely populated areas near the river. 

The plan form of the branches is meandering. Despite a relatively low sinuosity, most meander 

bends show a strong bend-sorting pattern, with fine grains in the inner bend and coarse grains in 

the outer bend. Bend sorting upstream of the bifurcations causes grain-size differences between 
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the bed sediments at the entrance of the two downstream branches, as was revealed by 156 vibra-

cores and 92 grab samples that were taken on the river bed in 2000, 2002 and 2004 AD (Fig. 3.2, 

Gruijters et al., 2001, 2003; Frings, 2005b). 

3.3 Field measurements 

Measuring campaigns 

Field measurements at the Pannerdensche Kop bifurcation were done during the discharge wave 

of November 1998, which had a peak discharge of 9600 m3 s-1 in the Bovenrijn (P0) with a 

recurrence interval of about 20 years (Fig. 3.4a). The main field campaigns at the IJsselkop and 

Merwedekop took place during the short discharge wave of January 2004 (Fig. 3.4c). During this 

wave a peak discharge in P0 was reached of 6740 m3 s-1, with a recurrence interval of about 2 

years. During all field campaigns comprehensive measurements of bed-load transport, suspended 

load transport and hydrodynamics were done. At the IJsselkop, additional measurements were 

done during the discharge wave of November 2002 (Fig. 3.4b) and the low-flow period of 

September 2004. The peak discharge in 2002 was almost equal to that in 2004, 6490 m3 s-1; the 

discharge during the low flow period was 1600 m3 s-1. 

Figure 3.3 Basic characteristics of the studied river bifurcations. Indicated are the width-averaged median 

grain size of each branch (D) (based on Gruijters et al., 2001, 2003 and Frings, 2005b), the width of each 

branch (W), and the proportion of water that flows into the largest branch. 
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Aspects of the Pannerdensche Kop data have previously been analysed by Wilbers (2004), 

Wilbers and Ten Brinke (2003), Kleinhans (2001, 2002) and Kleinhans et al. (in press, a), but they 

are summarised and reanalysed here to enable a good comparison with the IJsselkop and 

Merwedekop data, which are presented here for the first time. 

Hydrodynamics 

Flow velocity measurements were done with an Acoustical Sand Transport Meter (ASTM) and an 

Acoustic Doppler Current Profiler (ADCP). The ASTM produced flow velocity verticals, while 

the ADCP produced 2-dimensional velocity information for three cross sections per bifurcation, 

one for each branch. The ADCP measurements at the IJsselkop and the Merwedekop were done 

on 5 days during the discharge wave of 2004 (Fig. 3.4c). The ADCP measurements at the 

Pannerdensche Kop were done on 7 days during the discharge wave of 1998; however, only the 

measurements of November 3rd were done inside the study area.  

Flow discharge data were obtained by multiplying the ADCP velocity values with the cross-

sectional area. The calculated discharges are probably slightly underestimated, because the ADCP 

measurements could only be done in the navigation channel, while a small part of the water 

flowed over the groyne fields and floodplains. Though most of the ADCP measurements at the 

Pannerdensche Kop were done outside the study area, they were still useful for discharge 

Figure 3.4 The discharge waves of (a) November 1998, (b) November 2002 and (c) January 2004. 
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determination. If ADCP data were unavailable, the flow discharge was derived from rating curves 

at automatic gauging stations.  

 The water level slope at the Pannerdensche Kop was determined from height measurements 

at automatic gauging stations situated at a distance of 0.3 km (P0), 5.3 km (P0), 17.4 km (P1) and 

11.1 km (P2) from the bifurcation. For the IJsselkop and Merwedekop, the slope was determined 

from water level measurements with gauges that were installed at regular distances of each other 

at both sides of the river, from approximately 1 km upstream of the bifurcation to approximately 

1 km downstream of the bifurcation. 

Sediment mobility determination 

The flow measurements were used to determine the sediment mobility: 
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with θ’ the Shields mobility parameter (related to skin friction), ū the depth-averaged flow 

velocity (m s-1), s the relative sediment density (=ρs / ρ), ρ and ρs respectively the density of water 

and sediment (kg m-3) and C’ the Chezy skin friction factor (m0.5 s-1). C’ was calculated as C’ = 

18log(12H/ks’), with H the flow depth (m) and ks’ the Nikuradse grain roughness (m) (ks’=D90, cf. 

Kleinhans and Van Rijn, 2002). D50 and D90 are respectively the 50th and 90th percentile of the bed 

grain size distribution and were taken from grab samples (Merwedekop) or interpolated vibra-

cores (other bifurcations). H and ū were taken from ASTM measurements (P1) or ADCP 

measurements (other branches). Both methods give the same results (Fig. 3.8a). In case ADCP 

measurements were used, calculated Shields values are representative for a 20 m wide zone; if 

ASTM measurements were used, Shields values are only valid locally.  

Bed-load transport 

Two methods were used to determine the bed-load transport at the bifurcations: (1) 

echosoundings and (2) bed-load samplers. The echosounding method calculates the bed-load 

transport from the size and migration rate of the subaqueous dunes. This method gives detailed 

information on the spatial variation in bed-load transport, but only if the bed-load transport 

occurs by moving dunes. Bed-load samplers give direct information on the transport rate (even if 

dunes are absent), but the spatial resolution is limited. However, samplers also provide 

information on the grain-size composition of the transport material. The combination of 

echosoundings and bed-load samplers therefore gives the most accurate estimate of the bed-load 

transport. 
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Bed-load transport from echosoundings 

Echosoundings were carried out during the discharge waves of 1998 (Pannerdensche Kop), 2002 

(IJsselkop) and 2004 (IJsselkop and Merwedekop) on 3-12 days per discharge wave (Fig. 3.4). The 

measurements were done 2 or 3 times a day, in order to assure that the displacement of dunes 

between two echosoundings was not more than one dune length, for this would have hampered 

the transport computation (Wilbers and Kleinhans, 1999). 

The echosoundings covered the full river width between the groynes, from about 1 km 

upstream of the bifurcation, to 1 km downstream of the bifurcation. In some branches (M0, M2, 

P0), the echosoundings were limited to the central 70% of the river width.  

Most of the echosoundings were done with a multibeam echosounding system, which scans 

the bed topography in a line perpendicular to the track of the survey vessel. While the vessel was 

moving, a strip river bed was scanned with a width equal to several times the water depth. By 

sounding several vessel tracks parallel to the banks, area-covering bed elevation data were 

obtained. In branch P2 some of the measurements were done with a single-beam echosounding 

system. This system only gives information on the bed topography directly underneath the vessel. 

By situating the single-beam tracks 10 metres apart and parallel to the banks, however, still 

detailed information on the spatial variation in dune characteristics could be determined. More 

information on the used echosounding systems is given by Wilbers and Ten Brinke (2003). 

The obtained echosounding data were divided into subreaches with a width equal to the river 

width and a length of 400-1000 m (Fig. 3.2). For each subreach and each measuring day, the size 

and migration rate of the dunes were calculated using the dune tracking software DT2D (Ten 

Brinke et al., 1999). In DT2D, two-dimensional longitudinal profiles were constructed out of the 

echosounding data with a spacing of 1-10 m (respectively for multibeam and single-beam 

echosoundings). Through each longitudinal profile a moving average was computed, and each 

part of the profile below the moving average was identified as a dune trough. For each dune, the 

Figure 3.5 Definition of dune dimensions and overestimation in dune dimensions due to stochastic errors 

(noise) in echosoundings. The overestimation in dune height is equal to 2 times the noise, the 

overestimation in cross-sectional area is equal to the product of dune length and noise. The dune length 

itself is not systematically affected by noise. 
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length, height and cross-sectional area were determined (Fig. 3.5). By comparing the longitudinal 

profiles of 2 consecutive echosoundings with a cross-correlation technique (Ten Brinke et al., 

1999), also the migration rate of the dunes was determined. 

The longitudinal resolution of the echosounding data (1.7–5 points per metre) determines a 

minimum dune size that can accurately be determined with DT2D. For the IJsselkop and 

Merwedekop, the minimum dune length was estimated at respectively 1 and 2 m; shorter dunes 

were deleted from the dataset. Apart from the short dunes, also the 0.5% largest dunes were 

deleted from the dataset (outliers). Furthermore all dunes that consist of less than 1 point per 

metre dune length were deleted. For the Pannerdensche Kop, a different procedure was used. 

Wilbers and Ten Brinke (2003) removed all dunes consisting of less then 10 data points from the 

dataset, because their dune dimensions were considered inaccurate. This caused a slight 

overestimation of the dune dimensions, because many dunes in the Rhine are small (1-5 m) and 

therefore covered by less than 10 points. 

Because echosoundings contain a stochastic measuring error (noise) of about 2 cm, the dune 

dimensions are overestimated by DT2D. All dunes of the IJsselkop and Merwedekop were 

corrected for this overestimation (Fig. 3.5). Next, the average length and height of the dunes in a 

longitudinal profile were calculated from the individual dunes.  

The average bed-load transport in a longitudinal profile was calculated using the following 

equation (based on Ten Brinke et al., 1999): 

 

Δbq c β= ⋅ ⋅   (3.2) 

 

with qb the specific bed-load transport including pores (m2 day-1), c the dune migration rate (m 

day-1), Δ the dune height (m) and β the bed-load discharge coefficient (-). Equation 3.2 is only 

valid if the net bed-load transport perpendicular to the main flow direction is zero and the 

average bed level is constant. The coefficient β combines corrections for the dune shape, for 

trough-bypassing transport and for the fact that the position of zero bed-load transport is not the 

dune trough but the reattachment point. Wilbers (2004) demonstrated that for the Dutch Rhine 

branches β≈0.5F, with F a shape factor (-), equal to the ratio between the cross-sectional area of a 

dune and the cross-sectional area of a triangular dune with the same length and height. For the 

Pannerdensche Kop dataset, F was set equal to 1.10; for the IJsselkop and Pannerdensche Kop 

datasets, F was determined empirically using DT2D, giving values between 1.03 and 1.17. 

After calculating the bed-load transport for each longitudinal profile (using profile-averaged 

values for c, Δ and F), the width-averaged bed-load transport was calculated by integration over 

the cross-section. 

 

Bed-load transport from bed-load samplers 

In addition to echosoundings, also bed-load samplers were used to determine the bed-load 

transport during the discharge waves of 1998 (Pannerdensche Kop) and 2004 (IJsselkop and 
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Merwedekop). The measurements were done in cross-sections of the branches P1, I0 and M0 

(Fig. 3.2a-c) on several days (Fig. 3.4). During the low-flow period of September 2004 a limited 

number of sampler measurements were done in the 3 branches of the IJsselkop (Fig. 3.2b).  

For the measurements at the Pannerdensche Kop an adapted version of the Helley-Smith bed-

load sampler was used (Kleinhans and Ten Brinke, 2001). This sampler had an orifice size of 7.62 

x 7.62 cm and a mesh diameter of 250 μm. Since 1998 it has become clear that its trapping 

efficiency in sand-gravel bed rivers is not optimal, resulting in a relatively high calibration factor 

of 2.7 (Kleinhans, 2002). Therefore at the IJsselkop and Merwedekop in 2004 another sampler was 

used, the Delft Nile Sampler (Van Rijn and Gaweesh, 1992; Gaweesh and Van Rijn, 1994). This 

sampler has a calibration factor of 1 ± 0.1 (Van Rijn and Gaweesh 1992; Kleinhans and Ten 

Brinke, 2001). The orifice of the Delft Nile Sampler was 9.8 cm wide and 5 cm high. The orifice 

height of both samplers was somewhat larger than the thickness of the bed-load layer, so the 

samplers also captured some suspended load transport. For practical reasons, however, all 

sediment measured with the samplers is considered to be bed-load transport. 

To measure the bed-load transport in a cross-section, the cross-section was divided in several 

subsections. For the Pannerdensche Kop and the Merwedekop 7 subsections were used; for the 

IJsselkop 5 subsections in the upstream branch and 3 subsections in the smaller downstream 

branches (Fig. 3.2). In each subsection 20 bed-load transport samples were taken from the same 

anchoring position. The sample duration was 2 minutes. If the transport rate was very low, the 

number of samples was reduced, but the sample duration increased, to ensure a sufficient filling 

of the sample bag. Of each sample the volume was measured as well as the grain-size distribution 

(by sieving). 

To test whether the samples were disturbed by scooping and whirling during the touchdown 

and rising of the bed-load sampler, the sampler was lowered and pulled up 5 times quickly after 

each other in every subsection, after which the volume of sediment in the sample bag was 

measured. This revealed that only the transport samples at the fine-grained Merwedekop were 

disturbed and had to be corrected. After correction, all sample volumes were translated into bed-

load transport rates, using a calibration factor 1.0 for the Delft Nile Sampler and a factor 2.7 for 

the adapted Helley-Smith Sampler. These transport rates per subsection were integrated to get the 

total bed-load transport through the cross section.  

Suspended load transport 

Every bed-load sampler measurement was accompanied by a simultaneous measurement of the 

suspended load transport using an Acoustical Sand Transport Meter (ASTM). The ASTM is not 

sensitive to clay and silt-sized particles, thus it does not measure wash-load transport. The term 

‘suspended load transport’ in this paper consequently always refers to the suspended load 

transport of bed material (above the top of the bed-load sampler). At each location, the suspended 

load was measured at several positions in the water column (0.2, 0.5, 1, 2 and 3 m above the bed, 
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and so on up to the water surface), after which the total suspended load transport in the water 

column was determined by integration. To obtain grain-size information of the suspended load, 

water samples were taken using a Pump Filter System (PFS) close to the measuring spot of the 

ASTM. The water was led over a filter with a mesh size of 50 μm to exclude wash load from the 

sediment sample. The grain-size distribution of the sediment was determined in the two-metre 

long settling tube of the Department of Physical Geography at Utrecht University, The 

Netherlands. 

Accuracy analysis 

The accuracy of the transport rates is affected by systematic and stochastic measuring errors and 

by natural variability in transport rates (Kleinhans and Ten Brinke, 2001). Systematic measuring 

errors are accounted for by the calibration factors of the measurement instrument and 

techniques. The uncertainty induced by stochastic measuring errors and natural variability is 

calculated separately for the sampler-based transport measurements and the echosounding-based 

transport measurements. 

Sampler-based measurements are affected by stochastic errors that originate mainly from 

uncertainties in the positioning of the instrument and from uncertainties in determining 

sampling time and volume. These stochastic measuring errors are in practice not distinguishable 

from small-scale natural variability in sediment transport due to for instance turbulence and the 

presence of dunes. Both types of errors cause differences between transport rates that are 

measured shortly after each other in the same subsection. The uncertainty involved is equal to the 

standard error of the measuring values. Using standard analytical error propagation formulae (cf. 

Kleinhans and Ten Brinke, 2001) the subsection uncertainties were combined into the uncertainty 

for the cross-section-integrated transport.  

Echosounding-based measurements are affected by stochastic errors in the echosounding 

system that cause a noise around the bed elevation data. This noise leads to a systematic 

overestimation of the dune dimensions (Fig. 3.5), but is sometimes also detected as separate small 

‘dunes’ by the dune tracking software DT2D. For the IJsselkop and Merwedekop datasets, these 

errors have been minimised by applying a correction to the dune dimensions (Fig. 3.5), and by 

deleting all dunes shorter than 1-2 m from the dataset. In the already existing Pannerdensche Kop 

dataset (Wilbers, 2004), these corrections have not been applied, probably leading to a slight 

overestimation in transport.  

Echosounding-based measurements are also affected by uncertainties in the profile-averaged 

dune height that arise because DT2D was not always able to determine the height of all individual 

dunes in a longitudinal profile. These uncertainties were quantified according to the procedure 

described in Frings (2005a,b) and combined with the uncertainty in the migration rate into an 

uncertainty value for the cross-section averaged bed-load transport rate. 
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In deriving the uncertainty values, it was assumed that the hydrodynamic conditions were 

constant during one set of measurements in a cross section and that the transport rate varied 

linearly between 2 measurement locations. For simplicity it was assumed that all uncertainties are 

mutually independent. 

3.4 Results   

The results of the bifurcation measurements are graphically presented in Fig. 3.6 - 3.9 and 

summarised in Appendix 3. 

Sediment mobility 

The sediment mobility significantly differs between the bifurcations (Fig. 3.6a, 3.7a, 3.8a). The 

Merwedekop has the highest and the IJsselkop the lowest mobility, with respective (grain) Shields 

values of about 0.23 and 0.07. At the Pannerdensche Kop, the sediment mobility greatly varies 

between the branches. P2 has a low (grain) Shields value (about 0.05), while P0 and P1 have 

notably larger (grain) Shields values (respectively 0.13 and 0.28 during the peak discharge).  

At the Pannerdensche Kop and IJsselkop, the sediment mobility strongly varied over the river 

width, with the highest values generally around the river axis. Especially remarkable are the low-

mobility zones at the right side of P0 and I0. These zones correspond to the outer meander bend, 

and are situated exactly at the entrance of the branches P2 and I2 (in these branches the mobility 

is also extremely low). There are some indications that the low-mobility zones near the right 

banks of P0 and I0 increase in width as the discharge decreases (e.g. Fig. 3.7a). 

Dune patterns 

In some branches of the Pannerdensche Kop and Merwedekop (P1, P2 and M1), the entire river 

width was covered with dunes. In the other branches (P0, M0, M2), dunes covered at least the 

central 70-80% of the river width. Whether dunes were present near the banks could not be 

determined, because the echosoundings did not span the entire river width. At the IJsselkop, 

dunes covered the entire river width in I1, but only the left 80-90% of the river width in I0 and I2. 

The dune dimensions at the Merwedekop, which is characterised by a high sediment mobility, 

did hardly vary over the measured part of the river width. The same is true for the dune 

dimensions in the high-mobility branches of the Pannerdensche Kop (P0, P1). In the low-

mobility branch P2 there was a strong lateral variation in dune dimensions, with high values in a 

40-50 m wide zone just left of the river axis, and low values outside this zone. Also at the (low-

mobility) IJsselkop, there was a strong variation in dune length and dune height over the river 

width, with the highest values just right of the river axis (I1) or just left of it (I0 and I2). The dunes 

close to the edges of the dune zone were sometimes so small and irregular, that their dimensions 
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Figure 3.6 The Pannerdensche Kop dataset.  

(a)  Variation in critical Shields value (θc) and Shields value due to skin friction (θ´) in the branches P0 (km 

 867.5), P1 (km 868.5) and P2 (km 869.0).  

(b) Temporal variation in width-averaged dune height (Δ).  

(c) Temporal variation in bed-load transport based on echosoundings (qb). For the river branches P0 and 

 P2 the minimum and maximum transport estimates are shown. 
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Figure 3.6  (continued) 

(d)  Upper panel: lateral variation in bed-load transport based on echosoundings (qb), during the peak 

 discharge.  

 Lower panel: lateral variation in D90 of bed-load material and bed material. 

(e) Variation in sediment transport as function of discharge. Bed-load data (qb) are obtained from echo-

soundings (ES) or Helley-Smith samplings (HS), suspended load data (qs) from ASTM measurements. 

(f) Supply of discharge (Q) and width-integrated bed-load transport (Qb) into branch P2, expressed as 

 percentage of the summed transport in branch P1 and P2. Four different estimates of the Qb-supply are 

 shown. For estimates 1 and 2, the Helley-Smith-based transport rates from P1 were used in 

 combination with respectively the maximum and minimum echosounding-based transport rates from 

 P2. For estimates 3 and 4 the same transport rates from P2 were used, in combination with the 

 echosounding-based transport rates from P1. 
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Figure 3.7 The IJsselkop dataset. 

(a) Variation in critical Shields value (θc) and Shields value due to skin friction (θ´) in the branches I0 (km 

 878.0), I1 (km 879.5) and I2 (km 879.5).  

(b) Temporal variation in width-averaged dune height (Δ). 

(c) Temporal variation in bed-load transport rate (qb) based on Delft Nile Sampler (DNS) measurements 

 and echosoundings (ES) in the subreaches A-I (see Fig. 3.2). For the subreaches G, H and I the  

 minimum and maximum transport estimate are shown.   

(d) Upper panel: lateral variation in bed-load transport (qb) during the peak discharge. For branch I0, I1 

and I2, ES-data from subreach A, E and H are shown. For branch I0 also DNS-data are shown 

 Lower panel: lateral variation in D90 of bed-load material and bed material (axis on the right). 

(e) Variation in sediment transport as function of the water discharge in January 2004. 

(f) Supply of discharge (Q) and width-integrated bed-load transport (Qb) into branch I2, expressed as 

 percentage of the summed transport in branch I1 and I2. Two different estimates of the Qb-supply are 

 shown. For estimate 1 and 2, the echosounding-based transport rate from subreach D was used in 
 combination with respectively the maximum and minimum estimate of the transport in subreach G. 
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Figure 3.8 The Merwedekop dataset.  

(a) Variation in critical Shields value (θc) and Shields value due to skin friction (θ´) in the branches M0 

 (km 960.5-960.8), M1 (km 962.0) and M2 (km 961.7). Maximum and minimum values during a tidal 

 cycle are shown (based on ADCP measurements). For comparison one value based on ASTM 

 measurements is shown. The available grain size data did not allow calculation of the Shields value 

 near the banks; as surrogate the change of ADCP flow velocity towards the banks is shown (arrow). 

(b) Temporal variation in the width-averaged dune height (Δ).  

(c) Temporal variation in bed-load transport (qb) based on ES and DNS measurements.  

(d) Upper panel: lateral variation in bed-load transport (qb) based on echosoundings (averaged over the 

 discharge wave).  Lower panel: lateral variation in D50 of bed-load material and bed material. 

(e) Variation in sediment transport as function of the water discharge. 

(f) Supply of width-integrated bed-load transport (Qb) into branch M2.  

(g) Tidal variation in relative bed-load transport (instantaneous transport/tidal-average transport). 
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and migration could not be determined. This was especially the case in branch I2, where near the 

left bank a zone immeasurable dunes occurred, with a width of about 25% of the dune zone width. 

At all three bifurcations, the dunes upstream of the bifurcation were higher than those 

downstream of it. 

Dune growth and decay 

During the discharge wave of 1998 (on October 30th), the dunes at the Pannerdensche Kop grew 

to a maximum height of 49-120 cm (Fig. 3.6b). In P2, especially the dunes left of the river axis 

grew (to a maximum of 72 cm). In all branches the maximum dune height was reached within 3 

days after the peak discharge. From then on, the dune height gradually decreased. In the high-

mobility branch P1, the dune length also decreased, but much faster, making the dunes steeper. In 

the low-mobility branches P0 and P2, the dune length did not decrease and the dunes became less 

steep (Fig. 3.9a). 

The dunes at the IJsselkop were generally much smaller than the dunes at the Pannerdensche 

Kop (Fig. 3.7b). In the branches I0 and I2 especially the dunes just left of the river axis grew 

during the discharge wave of 2004 (to a maximum of 23-50 cm). After the peak discharge the 

dune length kept increasing just left of river axis, but decreased elsewhere. Also the dune height 

gradually decreased, causing a net decrease in dune steepness (Fig. 3.9b). The dune development 

in I1 was more complex. Close to the bifurcation, the dunes grew during rising discharges and 

became smaller after the discharge peak, just as in I0 and I2. Only 800 m downstream, however, 

the dune development was exactly reverse: the dunes became smaller during rising flow and 

started to grow when the discharge decreased (Fig. 3.7b). During the discharge wave of November 

2002, the dune development was largely the same as described above, but the dunes attained a 

larger maximum height (Fig. 3.7b). 

At the Merwedekop, the dunes had similar dimensions as at the IJsselkop. During the 

discharge wave of 2004, the dunes grew to a maximum height of 27-40 cm (Fig. 3.8b). After the 

peak discharge, the dune length continued to increase very slowly, whereas the dune height 

gradually decreased, causing the dunes to become steeper (Fig. 3.9c). 

Superposition 

At the (low-mobility) bifurcations Pannerdensche Kop and IJsselkop, the primary dunes that 

were described in the previous paragraph, became covered with small, secondary dunes during 

the period of receding flow. Initially these secondary dunes plunged down the leeside of the 

primary dunes and developed again on the stoss side of the next primary dune, so allowing 

movement of the primary dunes. After a few days, however, the secondary dunes increasingly 

travelled over the lee sides of the primary dunes without being broken up, which indicates that the 

primary dunes became inactive, while the secondary dunes became the main bed-load transport 
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agents. At the Pannerdensche Kop, this situation occurred succeedingly in P1, P0 and P2 with 

intervals of about 1 week (on Nov 6th, 12th and 19th). At the IJsselkop, superposition occurred 

during both (2002 and 2004) discharge waves, but only in 2004 small dunes were observed on the 

leeside of the primary dunes (from Jan 26th in I0 and from Jan 29th in I2). Superposition at the 

IJsselkop was limited to the zone with large dunes just left of the river axis in the branches I0 and 

I2. In the finer-grained branch I1, no secondary dunes developed upon the existing dunes at all, 

neither in 2002 nor in 2004. Secondary dunes neither developed at the (high-mobility) 

Merwedekop. Only at the first measuring day in branch M1, some superposition of secondary 

dunes occurred, but only one day later the secondary dunes already had disappeared.  

Bed-load transport rates 

The bed-load transport calculation was always based on the dimensions of the most active dunes. 

In most cases thus the primary dunes were used for the transport calculation. Only when the 

secondary dunes covered both sides of the primary dunes, these were used for the transport 

calculation. For P0, constantly the primary dunes were used, because the migration rate of the 

secondary dunes could not be determined.  

The echosounding measurements did not always give transport information for the entire 

river width. For instance in I0 and I2, no transport rate could be calculated for the right 10-20% of 

the river width, because no dunes were present. The transport here was assumed to be equal to 0, 

which is realistic because of the low Shields value (Fig. 3.7a), and which is in agreement with the 

Delft Nile Sampler measurements (Fig. 3.7d).  

Also in some other branches, bed-load transport information was not available for the entire 

river width. Sometimes, the reason was that the measurements only covered the central 70-80% of 

the river width (P0, M0, M2). In other cases, the reason was that the dunes near the banks were so 

small that their migration rate could not be determined (P2 and parts of I2). For these branches, 

therefore, the transport rates near the banks had to be extrapolated from the transport rates in the 

central part of the river. Two extrapolation methods were used. First it was assumed that the 

transport rates near the banks equalled the measured transport rates in the adjacent parts of the 

river width. Second, it was assumed that the bed-load transport near the banks was equal to 0. The 

two transport estimates can be seen as a lower and upper bound of the true transport rate. From 

the measured lateral variation in sediment mobility (Fig. 3.6a, 3.7a, 3.8a), it is expected that the 

true transport rate is close to the lowest estimate in P2 and I2, and somewhere halfway the lowest 

and highest estimate in P0. In M0 and M2, the true transport rate is very likely to equal the 

highest transport estimate (and therefore only this estimate is presented in Fig. 3.8). 

 

Temporal variation in bed-load transport 

The echosounding-based bed-load transport systematically varied during the discharge waves of 

1998, 2002 and 2004. At the Pannerdensche Kop and the Merwedekop, the bed-load transport 
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sharply increased during the period of rising discharges and decreased after the discharge peak 

(Fig. 3.6c, 3.8c). At the (high mobility) bifurcation Merwedekop, this decrease was very gradual, 

causing the bed-load transport to be higher during falling discharges than during rising 

discharges, leading to a counter clockwise hysteresis between transport and flow discharge (Fig. 

3.8e, 3.9c). At the Pannerdensche Kop, the hysteresis was counter clockwise in the (high-mobility) 

branch P1 and clockwise in the (low-mobility) branches P0 and P2 (Fig. 3.6e, 3.9a). 

At the (low-mobility) bifurcation IJsselkop, the variation in bed-load transport during the 

discharge waves was more complex (Fig. 3.7c). Especially striking is the downstream shift in the 

moment of maximum bed-load transport. Upstream of the bifurcation (I0), the transport was 

highest before or around the peak discharge, but going further downstream into I1, the moment 

of maximum transport occurred later and later. For branch I2, the transport variation during both 

discharge waves could not be determined exactly, because the minimum and maximum transport 

estimates differ considerably. Generally, the transport increased slightly before the peak discharge 

and decreased thereafter (Fig. 3.7c). In all 3 branches, there was a clockwise hysteresis between 

transport and flow discharge during both discharge waves, but the hysteresis was not everywhere 

equally strong (Fig. 3.7e, 3.9b). The transport measurements at the IJsselkop during the low-flow 

period in September 2004 show a virtual absence of bed-load transport (transport rates < 0.05 m3 

day-1 m-1). This was especially the case in branch I1, because of the closed weirs. 

The bed-load transport measured with the Helley Smith and Delft Nile Sampler had the same 

order of magnitude as the echosounding-based transport rates described above (Fig. 3.6e, 3.7e, 

3.8c). For the Merwedekop, the match is very close. Only on one day there was a significant 

difference between the two bed-load transport estimates. For the Pannerdensche Kop, the match 

between the sampler transports and the echosounding transports is not close. This can be due to 

uncertainties in the echosounding-based transport (see below), but also due to the difference in 

measurement location (see Fig. 3.2). For the IJsselkop (branch I0), the sampler transports are 

generally somewhat lower than the echosounding transports. This is mainly because the Nile 

Sampler was not able to capture the variation in transport over the river width very well (Fig. 

3.7d), but possibly the calibration factor of the Nile Sampler should be slightly higher than 1.  

Because all bed-load transport rates in Fig. 3.6-3.8 are daily averages, hourly variations in bed-

load transport are not visible. At the tidally effected Merwedekop, however, these variations were 

strongly present. Though the amplitude of the tidal water level variations was small (13-29 cm), 

the flow pattern at the Merwedekop was strongly determined by tides. At incoming tide, the water 

discharge through M2 was hampered, while the discharge through M1 was promoted. This 

resulted in low flow velocities and low bed-load transport rates in M2, while simultaneously the 

flow velocities and bed-load transport rates in M1 were high (Fig. 3.8g). At outgoing tide the 

situation was reverse. The branch M0 behaved in the same way as M2, though the tidal influence 

was slightly less and lagging in phase. 
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Lateral variation in bed-load transport 

The lateral variation in transport was highest at the low-mobility bifurcation IJsselkop. The 

highest transport rates always occurred around the river axis (Fig. 3.7d). At the Pannerdensche 

Kop, the lateral variation in transport was largest in the branch with the lowest mobility (P2), with 

the highest rates left of the river axis and declining rates towards the banks (Fig. 3.6d). In P0 and 

P1, the lateral variation in transport was very low; only near the left bank of P1 the transports 

were notably lower (Fig. 3.6d). Note that the transport rates close to the banks in P0 and P2 could 

not be determined as was described above. For the high-mobility bifurcation Merwedekop, the 

tidal influence on the transport rates hindered the determination of the lateral variation in bed-

load transport, because the various measurements in a cross section were not done 

simultaneously. After averaging the transport rates over the entire discharge wave, it appears that 

there was a slight variation in bed-load transport over the river width in M0 and M1, with the 

highest rates respectively occurring near the right bank (outer bend) and in the left part of the 

river (Fig. 3.8d). In M2, the lateral variation in bed-load transport was stronger, with the transport 

rates declining to the banks. 

Suspended load transport rates 

The suspended load transport behaved totally different from the bed-load transport. At the 

IJsselkop and Merwedekop the maximum suspended-load transport already occurred several days 

before the peak discharge. At the Pannerdensche Kop, this was not the case, but at all bifurcations, 

the suspended load transport was markedly higher than the bed-load transport during rising 

discharges. During falling discharges, the situation was reverse. The hysteresis between suspended 

load transport and water discharge was always strongly clockwise (Fig. 3.6e, 3.7e, 3.8e).  

Suspended load transport occurred over the entire river width. In I0, the rates were slightly 

higher near the river axis than near the banks. In P1, the rates were highest near the left bank (at 

the location where the bed-load transport was lowest), and in M0 the rates were highest at the left 

side of the river (i.e. the inner bend). Generally, the suspended load transport rates increased from 

the water surface to the river bed. At the Merwedekop (M0), the suspended load transport varied 

during the tidal cycle, with the highest rates during outgoing tide.  

Grain-size of the transported sediment 

The sediment that was transported as bed load during the discharge waves was strongly bimodal 

at the IJsselkop (I0), moderately bimodal at the Pannerdensche Kop (P1) and unimodal at the 

Merwedekop (M0) (recall that the sediment mobility was lowest at the IJsselkop and highest at the 

Merwedekop). The finest mode consisted of sand with a diameter of about 0.5 mm. The coarsest 

mode (which was absent at the Merwedekop) consisted of gravel with a diameter of 6 to 6.7 mm. 

More detailed information on the size composition of the bed load is shown in Table 3.1. 
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The lateral variation in bed-load composition was very low at the Pannerdensche Kop; only 

near the left bank, the bed load was markedly finer. At the IJsselkop and Merwedekop, the lateral 

variation in bed-load composition was much stronger, with the coarsest bed load occurring right 

of the river axis (Fig. 3.6d, 3.7d, 3.8d). 

The variation in bed-load composition during the discharge wave was negligible at the 

Merwedekop. At the Pannerdensche Kop, the gravel content slightly decreased during the 

discharge wave (from 32 to 21%), but the D90 remained almost constant (Fig. 3.6d). At the 

IJsselkop, however, the gravel content slightly increased (from 45-58%), while the D90 decreased 

(Fig. 3.7d). 

The difference between the bed-load grain size and the bed grain size was negligible for the 

(high-mobility) bifurcation Merwedekop (Fig. 3.8d), but for the bifurcations Pannerdensche Kop 

and IJsselkop, this was not the case. At these (low-mobility) bifurcations, the bed load generally 

had a lower D90 and a lower gravel content. At the IJsselkop, the D90 of the bed load became equal 

to the D90 of the river bed during the discharge peak (January 19th) (Fig. 3.7d), but its gravel 

content was still much lower. 

The grain size of the suspended sediment was only measured in the lowest metre of the water 

column. During the discharge waves, the median grain size of the suspended load was on average 

0.24 mm at the Pannerdensche Kop (P1), 0.30 mm at the IJsselkop (I0) and 0.27 mm at the 

Merwedekop (M0). Especially for the IJsselkop, this is much finer than the median grain size of 

the bed load. During the low-flow period in September 2004, the median grain size of the 

suspended load at the IJsselkop was only slightly larger than 0.1 mm. 

At the Pannerdensche Kop, the suspended load grain size was about constant over the river 

width. At the IJsselkop, the grain size was highest in the left river half, whereas at the 

Merwedekop, the grain size increased towards the outer bend. At the Pannerdensche Kop and the 

Merwedekop, the suspended load grain size strongly varied during the discharge waves, but at the 

IJsselkop this was not the case. 

Water and sediment distribution 

The ADCP measurements at the Pannerdensche Kop show that at the discharge peak about 34% 

of the P0 water discharge flowed into P2. At the beginning and end of the discharge wave this was 

Table 3.1 Average grain size characteristics of the bed-load, for the discharge waves of 1998 (P1) and 2004 

(I0 and M0), and for the low-flow period of September 2004 (I2). 
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about 32%. The bed-load sediment distribution changed much stronger during the discharge 

wave. At the peak discharge, the percentage of the total transport flowing into P2 fell between 16 

and 42, depending on which bed-load transport estimate is adopted for P0, P1 and P2 (Fig. 3.6f). 

At the end of the discharge wave, the percentage had strongly decreased, and fell between 5 and 

12.  

The ADCP measurements at the IJsselkop show that during the 2004 discharge wave on 

average 44% of the I0 water discharge flowed into I2. The water distribution hardly varied in time. 

For the 2002 discharge wave, the rating curves at the automatic gauging stations provide the same 

percentage. During the low-flow period of September 2004, when the weirs in I1 were closed, 

about 78% of the water flowed into I2, according to the ADCP measurements. The bed-load 

sediment distribution at the IJsselkop was nearly constant during the discharge waves. The 

percentage of the total transport flowing into I2 fell between 9 and 18, depending on which bed-

load transport estimate is adopted for I2 (Fig. 3.7f). During the low-flow period, the sediment 

supply to I2 was much larger: about 98%.  

The ADCP measurements at the Merwedekop show that during the 2004 discharge wave on 

average 38% of the water discharge in the M0 branch flowed into M2. The water distribution 

strongly varied during a tidal cycle, especially at the end of the discharge wave. The percentage of 

the water flowing into M2 then varied from 8% at incoming tide, to 48% at outgoing tide. Possibly 

the water distribution at the Merwedekop also varied during the discharge wave, but this could 

not be proven with the available data. The bed-load sediment distribution at the Merwedekop 

closely followed the water distribution: during outgoing tide notably more sediment entered M2 

than during incoming tide. The bed-load distribution also varied during the discharge wave (Fig. 

3.8f). At the beginning of the discharge wave the bed-load distribution was about 50-50%. The 

percentage bed load flowing into M2 decreased during the period of increasing discharges, and 

increased again during the period of falling discharges. Averaged over the discharge wave, about 

41% of the total bed-load transport flowed into M2 and 59% into M1. 

The distribution of suspended-load transport could be determined for none of the 

bifurcations, because suspended load transport measurements were only done in one of the three 

branches of each bifurcation. 

Sediment budget 

In the preceding section, the total bed-load transport that passed the bifurcations was calculated 

as the sum of the transport at the beginning of the two downstream branches. Notice that this is 

not equal to the transport near the end of the upstream branch. At all bifurcations, the following 

situation occurred. During the first part of the discharge wave (from the first measuring day), 

notably more bed load was supplied by the upstream branch than passed into both downstream 

branches. This material must have accumulated in the bifurcation area between the measurement 

locations (see Fig. 3.6c, 3.7c, 3.8c corrected for differences in river width). For the Pannerdensche 
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Kop, the volume of deposited sediment is estimated at 10.000-30.000 m3, depending on which 

bed-load transport estimate is adopted for P0, P1 and P2. This amounts to an equally spread 

sediment layer between the measurement locations of 2-5 cm thick. At the IJsselkop, the volume 

of deposited sediment was 700-800 m3 (ca. 0.7 cm) and at the Merwedekop it was 6500 m3 (0.8 

cm). At the end of the discharge wave, the accumulated sediment was removed again, because 

from then on more sediment moved into the downstream branches than was supplied by the 

upstream branch. This occurred from November 6th
 1998 at the Pannerdensche Kop and from 

January 22nd 2004 at the IJsselkop and Merwedekop. 

Accuracy of the results 

The uncertainty of the calculated cross-section averaged transport rates is generally below 20% 

(Table 3.2). Note, however, that the uncertainty values in Table 3.2 do not include the uncertainty 

that arises because the echosoundings gave no information on the transport rates near the banks 

in M0, P0, P2 and I2. This uncertainty was dealt with by calculating a minimum and maximum 

transport estimate (see above). The uncertainty of the volumes of sediment deposited during the 

discharge wave (sediment budget) is 10-70%. 

3.5 Interpretation and discussion 

The preceding sections have shown the presence of a complex array of variations in sediment 

transport at the Rhine bifurcations during discharge waves. In this section the causes of these 

variations are discussed. First, the correctness of the hypotheses stated in the introduction of this 

paper is evaluated. For that purpose, the effects of bend sorting and tidal water level fluctuations 

on the sediment distribution are discussed, as well as the effects of dune behaviour on the 

sediment transport. Afterwards, a transport phenomenon is discussed that was not expected at 

Table 3.2 Maximum uncertainty of the calculated transport rates, as percentage of the transport rate. 
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the start of this study, namely the occurrence of sediment waves. Furthermore, the implications of 

the complex transport variations found in this study for the prediction of the sediment 

distribution at bifurcations is discussed, as well as their influences on downstream fining patterns. 

Effects of bend sorting on sediment distribution 

The first hypothesis of this paper appears to be correct: bend sorting upstream of a bifurcation 

causes supply-limited transport conditions in one of the downstream branches if the sediment 

mobility (Shields value) is low. 

All three river bifurcations that were studied in this paper have more or less the same plan 

form (Fig. 3.2), with a smaller branch bifurcating from the right side of the main channel, which 

invariably is an outer bend. Due to bend sorting the bed sediments in this outer bend are 

relatively coarse (Fig. 3.2). At the Pannerdensche Kop and IJsselkop (P0 and I0), these coarse 

sediments are hardly mobile (θ’= θc, Fig. 3.6a, 3.7a), resulting in a low bed-load transport rate 

(Fig. 3.7d), consisting mostly of sand moving over a coarse armour. As a result, the bed-load 

supply to the branch that connects to this outer bend (P2, I2), is very low. During the 2002 and 

2004 discharge waves, I2 received only 11-18% of the bed load that passed the bifurcation, but 

about 44% of the water (Fig. 3.7f). At the end of the 1998 discharge wave, P2 received only 5-12% 

of the bed load, but 34% of the water (Fig. 3.6f). During the peak discharge the bed-load supply to 

P2 more closely matched the water supply. This is probably because the low-mobility zone near 

the right bank becomes smaller if the discharge increases (cf. Fig. 3.7a). Summarizing: except for 

very high discharges, the outer bend branches P2 and I2 hardly receive bed load from upstream, 

though the water supply is large. This implies that the water is able to transport more bed load 

than is supplied from upstream, a situation generally known as supply-limited transport.  

Note, however, that the term ‘supply-limited transport’ is inaccurate (Ferguson, in press). A 

low sediment supply namely not directly affects the transport rate, but merely causes bed 

degradation and winnowing of fines. This increases the critical Shields value (θc), ultimately 

resulting in a reduction of the bed-load transport. In this sense, the coarse bed sediments (and 

high θc) in P2 and I2 (Fig. 3.2) must be seen as the result of supply limitation and winnowing of 

fines, rather than as the result of a coarse sediment supply from upstream (though this does occur 

during extreme flow conditions). 

Dietrich et al. (1989a) observed 2 effects of supply limitation in their experiments: (1) the 

development of coarse zones near the banks confining the bed-load transport to a narrow zone 

near the river centre, and (2) a change in bedform type. Confinement of bed load into a narrow 

zone was also observed in P2 and I2 (Fig. 3.6a,d and 3.7a,d), but the bedforms still consisted of 

continuous dunes. No barchans or other bedforms typical for supply-limited conditions 

(Kleinhans et al., 2002) were observed. However, in the low-mobility zones near the banks, the 

dunes were small and their dimensions indeterminable. Probably, in these zones the bed was 

locally armoured (cf. Dietrich et al., 1989a) and small barchanoid fine bedforms may have moved 
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over the armour layer. Local armouring combined with small barchanoid fine bedforms may also 

have occurred in the low-mobility zone in the outer bend of P0 and I0 and close to the banks in 

the other branches. 

In contrast to the Pannerdensche kop and the IJsselkop, the Merwedekop does not show 

indications of supply limitation. Bend sorting in M0 causes an increase in bed grain size towards 

the outer bank (Fig. 3.2c), but this does not lead to a decrease in sediment mobility (Fig. 3.8a) or 

bed-load transport (Fig. 3.8d). The branch that connects to the outer bend (M2) received (on 

average) as much bed load (41%) as water (39%) (Fig. 3.8f). This is exactly as was expected. The 

Merwedekop is characterised by a high sediment mobility (Shields value) and consequently, all 

grain size fractions are fully mobile. Supply limitation cannot occur and the sediment distribution 

is unaffected by bend sorting. 

The above-described mechanism of bend sorting leading to supply limitation, should not be 

confused with the Bulle effect. Bulle (1926) performed flume experiments with a secondary 

channel bifurcating halfway from a straight main channel (├ shaped bifurcation). He found that 

the main channel and the secondary channel together form a bend, producing helicoidal flow, 

with the near-bed flow directed towards the secondary channel. In this way a disproportionate 

amount of the bed load was transported into the secondary channel. At the Rhine bifurcations, 

the Bulle effect only has a minor influence, because of the low bifurcation angle, the large width-

depth ratio, and because of the overwhelming effect of the curvature in the main channel. 

Effects of tides on sediment distribution 

The second hypothesis of this paper also appears to be correct: tidal water level fluctuations can 

cause cyclical variations in sediment distribution at river bifurcations. 

The Merwedekop is situated in the tidally-affected area of the Rhine-delta. Both downstream 

branches end up in the North Sea. The M2 branch provides the shortest route towards the sea and 

its tidal effect appears to be dominant. When the tide comes in through M2, the river discharge 

through this branch is hampered, while the river discharge through M1 is promoted. As a result, 

also the sediment discharge into M2 is hampered, while the sediment discharge into M1 is 

promoted (Fig. 3.8g). At outgoing tide the situation is reverse, so that the distribution of water 

and sediment at the bifurcation cyclically varies during a tidal cycle. 

The effect of tidal water level variations on the sediment distribution at river bifurcations 

strongly depends on the characteristics (e.g. length, flow resistance) of the downstream branches. 

If the branches are similar, tidal water level fluctuations in the sea may propagate upstream to the 

bifurcation equally fast though both branches. In that case, there is no phase difference in the 

arrival of the fluctuations at the bifurcation, and the flow velocity and sediment transport in all 

three branches will vary simultaneously during a tidal cycle. The relative distribution of water and 

sediment over the downstream branches then can remain constant, despite the tidal water level 

fluctuations. 
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On the other hand, the tidal effects on the sediment distribution can become increasingly 

complex if the tides induce a reversal in flow direction at the bifurcation (this is not the case at the 

Merwedekop).  

Normally the tidal effects on the sediment distribution are highest during spring tide and low 

river discharges, and lowest during neap tide and high river discharges. This implies that the 

sediment distribution at a tidally influenced bifurcation shows systematic variations on various 

timescales (from diurnal to monthly scale). It is probable that tides not only cause cyclical 

variations in sediment distribution, but also affect the average sediment distribution, and thus the 

bifurcation stability. Whether this is the case at the Merwedekop, could not be determined from 

the available field measurements, because these span a too short time period.  

Effect of dune behaviour on sediment transport 

The third hypothesis of this paper stated that the delayed adaptation of dunes after a change in 

flow conditions causes hysteresis in hydraulic roughness and bed-load transport. This is correct: 

dune steepness, hydraulic roughness and bed-load transport all show hysteresis (Fig. 3.9). 

However, the direction of the hysteresis was often different from supposed. Firstly, in many river 

branches the hysteresis in dune steepness was counter clockwise, whereas a clockwise hysteresis 

was expected. Secondly, the hysteresis in bed-load transport in all branches (either determined 

from echosoundings or from sampler measurements) has the same direction as the hysteresis in 

dune steepness, whereas an opposite hysteresis was expected. To explain the unexpected direction 

of the hysteresis, the change in dune steepness during the discharge waves and the effect of dune 

steepness on bed-load transport were examined in detail for all nine river branches (Fig. 3.9). 

In all branches, the dune development lagged behind changes in flow conditions: both the 

dune height (Δ) and the dune length (λ) generally were larger after the peak discharge than 

before. The effect on the dune steepness (Δ/λ), however, differed between low-mobility river 

branches and high-mobility branches. In low-mobility branches (P0, P2, I0, I1, I2), the lag in λ 

was larger than the lag in Δ, resulting in a clockwise hysteresis in dune steepness, exactly as was 

proposed. In most high-mobility branches (P1, M1, M2), the lag in Δ was larger than the lag in λ, 

resulting in a counter clockwise hysteresis in dune steepness (Fig. 3.9). The sediment mobility 

thus determines the variation in dune steepness during a discharge wave. 

The effect of dune steepness on bed-load transport is a complex chain of cause and effect (also 

see Kleinhans et al., in press, a). An increase in dune steepness increases the amount of turbulence 

generated by the dunes and therefore increases the hydraulic roughness. Therefore, in most Rhine 

branches the roughness hysteresis (calculated with the Van Rijn 1984c formula) has the same 

direction as the steepness hysteresis (Fig. 3.9). Note however that the dune-related hydraulic 

roughness is not only determined by the dune steepness, but also by the relative dune height (the 

height of the dunes relative to the water depth). Variations in the relative dune height cause the 
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hydraulic roughness in the branches P0 and P2 to follow a hysteresis opposite to the hysteresis in 

dune steepness (Fig. 3.9).  

A river can react in two ways to a change in hydraulic roughness (ks): by changing the depth-

slope product (HS), or by changing the flow velocity (u). From the combined Chézy and White-

Colebrook equations, one may expect that a hysteresis in ks leads to a similar hysteresis in HS but 

to an opposite hysteresis in u:  
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Furthermore, because the bed shear stress (τ) is proportional to HS (τ = ρgHS) and because 

the grain shear stress (τ’) is proportional to u2 (τ’ =ρg u2/C’2, with C’ the Chezy skin friction 

factor), one may expect that the hysteresis in τ is similar, and the hysteresis in τ’ opposite to the 

hysteresis in ks. This implies that a decrease in hydraulic roughness (ks) will decrease the total 

shear stress (τ) but nevertheless will increase the grain shear stress (τ’), in this way increasing the 

bed-load transport (qb) (and vice versa).  

This, however, is only true for some of the Rhine branches. In most branches (5 out of 7), the 

hysteresis in u and τ’ are not opposite to the hysteresis in ks, but similar (Fig. 3.9). According to 

3.3, this is only possible if there is a stronger-than-expected hysteresis in HS and τ, having a 

similar direction as the hysteresis in ks. Fig. 3.9 shows that this indeed is the case. The reason for 

the strong hysteresis in HS and τ  probably is the migration of the discharge wave, which affects H 

and S irrespective of dune behaviour. Physically, the results can be explained as follows: a decrease 

in dune-related hydraulic roughness reduces the turbulence generation, and therefore reduces the 

amount of shear stress that is needed to overcome the bed friction, leaving a larger part of the 

total shear stress available for bed-load transport (i.e. if ks decreases, the left term of Eq. 3.3 

increases, and therefore the ratio τ’/τ increases). However, because a decrease in hydraulic 

roughness often also causes a reduction in total shear stress (τ), the absolute value of τ’ decreases. 

This is the reason that the bed-load transport in the Rhine often decreases in reaction to a 

decrease in dune-related roughness (and vice versa, see Fig. 3.9) in contrary to what was supposed 

in the Introduction. 

It is concluded that (a) dune development strongly lags behind changes in flow conditions, (b) 

the sediment mobility strongly determines whether lagging dune development causes an increase 

or decrease in dune steepness after the discharge peak, (c) the bed shear stress in the Rhine 

typically becomes smaller when the dune-related hydraulic roughness decreases (and vice versa), 

causing a decrease in bed-load transport. Note however, that the hysteresis in bed-load transport 

at the Rhine bifurcations is not only affected by changes in flow characteristics and dune 

dimensions during a discharge wave, but also by the migration of sediment waves, by dune 

sorting (Kleinhans, 2004) and by supply limitation. These processes are difficult to incorporate in 

mathematical models, making the prediction of hysteresis in bed-load transport difficult. 
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Nevertheless, a correct prediction of bed-load transport hysteresis may be crucial for simulating 

the morphological behaviour of river bifurcations, especially because the shape of the hysteresis 

often differs between the 3 downstream branches of a bifurcation. 

Finally, it should be realised that not only the bed-load transport, but also the suspended-load 

transport of bed material (qs) showed hysteresis at the Rhine bifurcations (Fig. 3.6e, 3.7e, 3.8e). At 

each of the locations where qs was measured, the hysteresis was clockwise and resembled the 

hysteresis in u (Fig. 3.9). 

Sediment waves 

An unexpected outcome of this study was that the sediment budget at each bifurcation 

systematically changed during the discharge waves. As the discharge rose, the upstream branch 

supplied notably more bed load than passed into the downstream branches, but after the peak 

discharge the situation reversed. These observations unambiguously indicate an accumulation of 

sediment around the splitting location, which was removed after the peak discharge.  

The IJsselkop dataset contains much additional evidence for the existence of such a sediment 

wave. Especially striking is the downstream shift in the moment of maximum bed-load transport 

from I0 towards the most downstream measurement reach in I1 (Fig. 3.7c). This occurred during 

each discharge wave that was studied. Limburg (2004) measured the changes in gamma radiation 

of the bed sediments during the 2004 discharge wave and interpreted these as changes in bed 

grain size. Two phenomena became evident: (1) a coarsening of I2 during the discharge wave 

(indicative for the supply limitation in that branch) and (2) a downstream migration of a fine-

grained area into I1. The latter observation is indicative for the existence of a sediment wave. The 

sediment wave at the IJsselkop must have lead to temporal changes in bed elevation, but this is 

not confirmed by the echosoundings. Possibly, the accumulation was spread over hundreds of 

metres of the river, limiting the change in bed elevation to a few centimetres, which is within the 

measurement accuracy of the echosounding systems. It is not surprising that the sediment wave is 

not easily discernable in bed elevation data. Many sediment waves described in literature were 

only detected by indirect evidence, such as by streamwise variations in transport rate (Lisle, in 

press). 

In contrast to the IJsselkop dataset, the Pannerdensche Kop and Merwedekop datasets do not 

contain detailed information on the longitudinal variation in moment of maximum transport, nor 

on grain size changes during the discharge wave. However, the echosounding data of the 

Pannerdensche Kop indicate temporal variations in bed level that are related to the sediment 

wave. The data do not show a bulge of sediment that gradually moves downstream during the 

discharge wave, but merely show accumulation of a 0-20 cm thick sediment layer in the first 800 

m of the downstream branches P1 and P2 during the rising part of the discharge wave. The 

depositional area protruded slightly upstream into the left part of P0. Most of the deposited 

sediment was eroded during the period of falling discharges. The volume of sediment involved is 
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in the order of 104 m3, which is in agreement with the volume estimated in the sediment budget 

calculations (10.000-30.000 m3). The sediment that is deposited during the period of rising 

discharges seems to originate from an erosion spot in P0, about 700 m upstream of the 

bifurcation. 

Although the presence of sediment waves is beyond reasonable doubt, their origin remains 

unclear. Bank erosion as a sediment source is not possible because of the defended banks. No 

dredging or other human activities that could have triggered a sediment wave, were recorded 

upstream of the measurement locations. For the IJsselkop, the sediment wave could be explained 

by the effects of the weirs in I1. These may cause deposition of sediment at the entrance of I1 

during low flow periods, and remobilisation of this sediment during high flow periods. For the 

other bifurcations, this explanation is unlikely. In the Dutch Rhine branches small sediment 

waves often originate at locations where water enters or leaves the floodplains, but it would be too 

much of a coincidence if these sediment waves reach the bifurcations always at the same stage of a 

discharge wave, as was observed. Sediment waves can also develop if fine grains are winnowed 

from the river bed during rising flow and quickly transported downstream, but again it is unlikely 

that these sediment waves always reach the bifurcations at the same stage of a discharge wave. 

Therefore, the origin of the sediment waves is likely to be intrinsically related to the bifurcation.  

First it should be realised that the plan forms of the 3 bifurcations that were studied are nearly 

the same, while the branches that most clearly demonstrate the existence of a sediment wave (P1 

and I1) all originate in the inner bend of the upstream channel. Inner meander bends are known 

to exhibit sedimentation during rising discharges and erosion during falling discharges because of 

the increase and decrease in the strength of the secondary (helicoidal) flow (e.g. Bartholdy and 

Kisling-Möller, 1996). If the inner meander bend is situated just upstream of the river entrance at 

a bifurcation, the sediment that erodes during falling discharges can enter the downstream 

channel in the form of a sediment wave.  

An alternative explanation for the sediment waves at the bifurcations in the Rhine is 

deposition of sediment at the bifurcation location due to increased flow divergence during high 

discharges. This would lead to the development of a bar (both in the inner and the outer bend). 

Because the water levels above the bar are relatively low during falling discharges, the bar is likely 

to be eroded then, initiating a sediment wave. 

A third explanation is related to the bed level step that occurs at river bifurcations. 

Characteristic for river bifurcations is that the total width of the downstream branches is larger 

than the width of the upstream branch, whereas the downstream depth is less than the upstream 

depth. This causes a step in bed level, which propagates into the upstream channel for a few river 

widths (see e.g. Bolla Pittaluga et al., 2003). Because the height of the bed level step is a function of 

the water discharge, the bed level step may increase in height during rising discharges and 

decrease in height during falling discharges, so generating a sediment wave. This might be a 

proper explanation for the bed level changes observed at the Pannerdensche Kop. 
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All three explanations for the sediment waves are based on sedimentation and erosion 

processes at the bifurcation location itself, and do not necessarily imply downstream translation 

(migration) of the wave. A compilation of several studies by Lisle (in press) showed that sediment 

waves can only translate if they are finer than the local river bed. The radiation measurements by 

Limburg (2004) suggest that the wave at the IJsselkop indeed is finer than the local bed, but 

whether this is also the case with the sediment waves at the other bifurcations remains unclear. 

The downstream shift in moment of maximum transport in branch I1 may give the impression of 

a translating wave, but such a shift can also occur if the wave dispersed, while the centre of mass 

remained at the same location (e.g. Lisle, in press). During the discharge wave of 2004 the location 

of the maximum transport shifted downstream about 1-2 km in a period of 13 days. This suggests 

a wave migration rate of minimal 75 and maximal 150 m per day, which is much more than the 

migration rate of the dunes (on average 30 m per day). Either the wave consisted of very fine 

sediment that travelled much faster than the dunes (trough-bypassing transport (e.g. Mohrig and 

Smith, 1996; Kleinhans et al., in press, a), or the wave was dispersive rather than translative. 

Finally, it should be stressed that sediment waves often are a manifestation of supply-limited 

transport conditions, but that this needs not necessary be the case at the studied Rhine 

bifurcations. Especially if the observed waves are dispersive rather than translative, there is no 

reason to assume supply limitation. 

Numerical bifurcation modelling  

In the preceding sections, several complex temporal, lateral and streamwise variations in 

sediment transport have been discussed, which all make numerical modelling of river bifurcations 

very difficult. The presented database, in combination with available long-term echosounding 

data, allows for an detailed verification of existing 1D, 2D and 3D models. As an example, the 1D 

approaches of Wang et al. (1995) and Bolla Pittaluga et al. (2003) will be studied.  

Wang et al. (1995) predicted the sediment distribution at river bifurcations as follows: 
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with W the river width (m), Q the water discharge (m3 s-1), Qb the width-integrated bed-load 

transport (=qbW) (m3 day-1) and k an empirical coefficient that has to be determined for each 

bifurcation separately. The suffixes 1 and 2 refer to the two downstream branches of a bifurcation. 

Using a linear stability analysis the bifurcation was found to be stable if k>n/3, where n stands for 

the exponent in the sediment transport formula used (qb~ un). If n ≈ 3, then bifurcations are stable 

if k>1. Wang et al. (1995) tested their nodal point relation with transport and discharge 

measurements done in a scale model of the Pannerdensche Kop bifurcation (Van der Zwaard, 

1981). They found Eq. 3.4 to fit the data very well if k=2.2.  
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In contrast to the scale model data, the field measurements at the Pannerdensche Kop 

presented in this paper cannot be described with the nodal point relation of Wang et al. (1995). 

While the scale model data suggest a gradual increase in bed-load transport with discharge in P2, 

the field data suggest a much stronger increase (Fig. 3.10a). This is due to the effects of differences 

in sediment mobility, transport hysteresis, sediment waves and especially supply limitation. 

During the peak discharge in 1998, both the water and sediment supply to P2 were maximal. At 

the end of the discharge wave, the water supply had slightly decreased (because of the weirs in I1), 

but the bed-load supply had strongly reduced, because the coarse bed sediments just upstream of 

the entrance of P2 were not mobile anymore. This supply-limitation effect may also be visible in 

the old field data of the Pannerdensche Kop that were referred to in Wang et al. (1995). The scale 

model of the Pannerdensche Kop obviously failed in reproducing the mobility and supply-

limitation effects present in the prototype. 

It appeared impossible to test the nodal point relation of Wang et al. (1995) with the IJsselkop 

dataset, because the dataset contains only 5 values of the bed-load distribution for which also the 

discharge distribution is known exactly. Because of the similarity between the Pannerdensche Kop 

and the IJsselkop, however, it is expected that Wang et al.’s relation is equally inappropriate for 

both bifurcations. 

For the Merwedekop, in contrast, the nodal point relation is very suitable (Fig. 3.10b). The 

best fit was obtained with k = 1.9. Referring to the higher mobility of this bifurcation (Fig. 3.8a), 

one may conclude that Wang et al.’s nodal point relation is only suitable for bifurcations with a 

relatively high grain Shields value (θ’>0.2). 

Figure 3.10 Test of the nodal point relation of Wang et al. (1995) against the field data presented in this 

paper: a) Pannerdensche Kop, b) Merwedekop. Qb = width-integrated bed-load transport (m3 day-1) and Q

= water discharge (m3 s-1); the subscripts 1 and 2 refer to respectively the largest and smallest downstream 

branches of the bifurcations. In figure a, two estimates of the transport ratio are shown, respectively based 

on the maximum and minimum transport rate in P2. In addition, the scale model data of Van der Zwaard 

(1981) are shown. The transport data used for figure a and b, refer to bed-load calculated from 

echosoundings (P2, M1, M2) or to bed-load calculated from Helley-Smith measurements (P1). Note that 

the range in measured discharge ratios is much larger for the Merwedekop than for the Pannerdensche 

Kop, due to the tidal effects on the water distribution. 
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An alternative to the 1D approach of Wang et al. (1995) is the semi-2D nodal point relation of 

Bolla Pittaluga et al. (2003). This relation includes the effect of cross-stream sediment transport 

just upstream of the bifurcation due to slope effects (but the effects of helicoidal flow are not 

incorporated). A proper test of their nodal point relation requires numerical modelling of the 

Rhine bifurcations through time (see Kleinhans et al., subm.), but we expect that their nodal point 

relation will be unsuccessful for the Pannerdensche Kop and IJsselkop for two reasons. Firstly, the 

relation of Bolla Pittaluga et al. does not account for the transport of mixtures of different grain 

sizes, whereas the data suggest that mobility differences due to size sorting are a primary control 

on behaviour development. Secondly, the relation of Bolla Pittaluga et al. assumes cross-stream 

sediment transport just upstream of the bifurcation, whereas the data indicate that the cross-

stream transport just upstream of the bifurcations is only weak (the observed dune crests were 

perpendicular to the river axis). The sediment distribution at the Pannerdensche Kop and 

IJsselkop instead is determined by cross-stream sediment transport much more upstream: in the 

upstream meander bend the coarse and fine grains are laterally sorted due to a combination of 

slope effects, helicoidal flow effects and/or winnowing of fines in the outer bend. This upstream 

cross-stream sorting causes a lateral variation in sediment mobility and bed-load transport rate 

just upstream of the bifurcation, which in turns determines the sediment distribution. 

Effects on downstream fining 

All bifurcations in the Rhine show distinct differences in median grain size between the three 

branches (Fig. 3.2). The branch that originates in the outer bend of the upstream branch is 

invariably coarser than the upstream branch, while the branch that originates in the inner bend of 

the upstream branch is much finer than that upstream branch. This causes abrupt changes in 

downstream fining trends (Fig. 3.11), similar to the discontinuities that develop at river 

confluences (e.g. Knighton, 1980). 

Using the present dataset, the discontinuities in downstream fining trend can easily be 

explained. At bifurcations with a high mobility (such as the Merwedekop), the bed-load 

composition in the outer bend of the upstream branch is much coarser than the bed load in the 

inner bend of that branch (Fig. 3.8d). This causes the downstream branch that originates in the 

outer bend to receive a coarser sediment load than the other downstream branch, in this way 

causing the downstream fining discontinuity. 

At river bifurcations with a low sediment mobility (such as the Pannerdensche Kop and the 

IJsselkop), the bed load in the outer bend of the upstream channel is not necessarily coarser than 

the bed load in the inner bend (often it is even finer). However, during many discharge 

conditions, the sediment transport rate in the outer bend is low due to a low sediment mobility 

(Fig. 3.6a, 3.7d), leading to supply limitation and surface coarsening in the downstream branch 

that originates in the outer bend (as described previously), in this way causing the downstream 

fining discontinuity. 
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The grain size discontinuity at high-mobility bifurcations is maximal if the grain size 

distribution in the main channel is wide, the bend sorting process causes a strict segregation of 

fine grains in the inner bend and coarse grains in the outer bend, and the width of the outer-bend 

branch is so that this branch captures all the coarse grains, but none of the fine grains (this thesis: 

Chapter 2). On the other hand, the grain size discontinuity at low-mobility bifurcations is highest 

if the downstream branch that originates in the outer bend receives a large proportion of the 

upstream water supply, but a small proportion of the upstream sediment supply (this thesis: 

Chapter 2). 

Discontinuities at river bifurcations may be most pronounced if the plan form of the 

bifurcation does not change in time (as is the case at the Rhine bifurcations). In natural rivers, 

avulsions regularly lead to new bifurcations and meanders continually migrate downstream, but 

this does not prevent the development of downstream fining discontinuities, because the 

timescale of bed grain size adaptation is much smaller than the meander migration rate and the 

avulsion frequency.  

3.6 Conclusions 

In this paper an extensive dataset was presented from three large river bifurcations in the Rhine. 

The data show the presence of complex variations in sediment transport during discharge waves, 

caused by bend sorting upstream of the bifurcation, tardy dune adaptation, tidal water level 

variations and sediment waves.  

Bend sorting upstream of a river bifurcation concentrates coarse grains in the outer bend and 

fine grains in the inner bend. At low-mobility river bifurcations (grain Shields value < 0.1), the 

coarse sediments in the outer bend are only mobilised during periods of very high discharges. 

Normally, they are hardly mobile, causing the bed-load supply to the river branch that originates 

in this outer bend to be very low, even if this branch receives a considerable part of the water 

Figure 3.11 Discontinuities in downstream fining trend at the river bifurcations (a) Pannerdensche Kop 

and (b) IJsselkop (after: Ten Brinke, 1997). 
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discharge. The limited supply of bed load causes coarsening of the river bed and confinement of 

the bed-load transport into a narrow zone in the river centre. 

Dunes only slowly adapt to changing flow conditions. In low-mobility river branches, this 

leads to a decrease in dune steepness after the discharge peak, whereas in high-mobility branches 

the dune steepness increases after the discharge peak. The change in dune height and dune 

steepness during a discharge wave significantly affects the hydraulic roughness of the river bed. A 

decrease in hydraulic roughness increases the proportion of the total bed shear stress that is 

available for bed-load transport, but (in the Rhine) it also decreases the total bed shear stress itself. 

The net result is an absolute decrease in the amount of shear stress available for bed-load 

transport. Therefore, the bed-load transport in the Rhine typically becomes smaller when the 

dune-related hydraulic roughness decreases (and vice versa). 

Tidal fluctuations of the sea water level propagate upstream to a river bifurcation through 

both downstream branches. Often, however, the tidal effect of one of the branches is dominant. 

When the tide comes in through this branch, the water and sediment river discharge through this 

branch are hampered, while the water and sediment discharge through the other branch are 

promoted. At outgoing tide the situation is reverse, causing the distribution of water and 

sediment at the bifurcation to vary cyclically during a tidal cycle. 

Sediment waves are visible at each of the studied bifurcations regardless of the sediment 

mobility. Sediment waves are likely to be intrinsic bifurcation phenomena, resulting from bend 

effects or flow divergence directly upstream of the bifurcation. During periods of rising 

discharges, the upstream branch supplies notably more bed load than passes into the downstream 

branches, causing sedimentation in the bifurcation area. During the period of falling discharges 

the deposited sediment is eroded, resulting in a sediment wave.  

Supply limitation due to bend sorting, tardy dune adaptation, tidal water level fluctuations 

and sediment waves all cause strong spatial and temporal variations in sediment transport. These 

controls are not incorporated in one-dimensional nodal-point relations that predict the sediment 

distribution at river bifurcations. Tests of two existing nodal-point relations against the present 

dataset show the shortcomings of the relations in case of low sediment mobility. 

Bend sorting processes upstream of a bifurcation also cause discontinuities in downstream 

fining trends. If the sediment mobility is high, the discontinuity develops because the branch that 

originates in the outer bend of the main channel receives a coarse sediment load. If the sediment 

mobility is low, the discontinuity develops because the branch that originates in the outer bend 

hardly receives bed load, causing supply limitation and surface coarsening. 
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Abstract 

Human impact on lowland rivers has strongly increased during the past centuries. As a result, 

both the flow characteristics and bed sediment characteristics of the rivers changed, affecting 

channel stability, flood risk, navigability and ecological potential. In the present case-study, we 

analyse the effect of human activities on the flow characteristics and bed sediment characteristics 

of the river Waal (The Netherlands). The objectives were: (a) to reconstruct the historical change 

in bed shear stress during the past 900 years, (b) to reconstruct the coeval change in bed grain 

size, (c) to identify the main human causes of these changes. Various data sources were used, such 

as borehole descriptions, historical river maps and results from modern hydraulic measurements. 

It was found that the bed shear stress in the river Waal strongly increased during the past 900 

years. In the same period, the gravel content of the sandy river bed increased, causing a 

coarsening of the river bed. The coarsening was more or less homogeneous over the entire river 

length, leaving the downstream fining rate unaltered over time. In the period before 1870 AD, the 

shear-stress increase and bed coarsening were mainly due to the embankment of the river. In the 

period after 1870 AD, the shear-stress increase and bed coarsening were mainly due to the 

narrowing of the river and the dredging works. The increasing navigation in the 20th century 

caused transport of fine bank sediments from the groyne fields towards the river bed, locally 

resulting in a fining of the river bed. It is expected that the present flow characteristics and bed 

sediment characteristics of the Waal are largely adapted to the human activities. The 

phenomenon of modern river sediments being coarser than deposits formed under natural 

conditions has also been observed in other rivers. This, for instance, implies that calculations of 

the historical sediment dynamics of rivers (often done in river restoration projects) should always 

be based on historical grain size data. 

4.1  Introduction 

Human impact on lowland rivers has strongly increased during the past centuries. Land-use 

changes, flood protection measures, channelisation works and sediment mining have caused 

4 
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distinct changes in flow characteristics, often with unwanted side-effects such as bed degradation 

and reduced biodiversity (e.g. Edwards and Crisp, 1982; Wyzga, 1991; Hesselink, 2002; Surian and 

Rinaldi, 2003; Hooke, 2006). Apart from the effects on the flow characteristics, human activities 

often also changed the bed sediment characteristics of the rivers (e.g. Knighton, 1989; Wyzga, 

1993; Kondolf, 1997). These human-induced bed sediment changes have received relatively little 

attention in literature, except for the sediment changes caused by the construction of dams. In 

Figure 4.1 The river Waal: (a) location within The Netherlands (NL), (b) schematic palaeogeographic 

development, (c-d) preserved channel deposits in the upstream and downstream part of the river (after 

Berendsen and Stouthamer, 2000; Berendsen and Stouthamer, 2001). Note that the course of the river 

Meuse is not shown in Fig. 4.1a. Coordinates are given according to the Dutch system. 
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particular, the relation between changes in flow characteristics and changes in bed characteristics 

has hardly been studied. The reason for this is that historical sediment data (from before the 

human activities) are much more difficult to obtain than historical flow data (Knighton, 1989). 

Human-induced changes in sediment characteristics are worth studying, because changes in bed 

sediment characteristics affect the sediment transport rate, hydraulic roughness, bed form 

dimensions, bed porosity and overbank deposition, and thus have a strong influence on channel 

stability, flood risk, navigability, contaminant dispersal and ecological potential. Knowledge of 

human impact on flow and sediment characteristics is particularly important for river restoration 

projects. 

In the present case study, we analyse the combined effect of human activities on the flow and 

bed sediment characteristics of the river Waal (The Netherlands, Fig. 4.1a). We focus on two 

characteristics with a large geomorphologic importance, i.e. the bed shear stress and the bed grain 

size. Until about 900 years ago the channel morphology of the river Waal developed largely 

naturally. Since then, human impact gradually increased (Middelkoop, 1997). The river was 

embanked, meanders were cut off, land was reclaimed, clay was mined and bifurcations were 

stabilised. More recently (19th –20th century), the channel was narrowed by groynes, connections 

with other rivers were closed, the embankments were heightened and meanders were stabilised. 

Present-day human activities include intense navigation, the dredging of bed sediments and 

floodplain restoration projects.  

The objectives of this study were: (a) to reconstruct the historical change in bed shear stress in 

the river Waal during the past 900 years, (b) to reconstruct the coeval change in bed grain size, 

and (c) to identify the main human causes of these changes. The historical changes in bed shear 

stress and bed grain size were reconstructed by combining a wide range of data sources such as 

descriptions of geological corings, historical river maps and results from modern hydraulic 

measurements. In section 4.5 (the Discussion) the causes of the historical change in bed shear 

stress and bed grain size are identified and compared to observations in other rivers. The 

dynamics of the shear-stress and grain-size change are discussed and it is shown how historical 

grain-size information can be used for river restoration purposes.  

4.2  The river Waal 

The river Waal is a large distributary in the Holocene delta of the river Rhine. It is a meandering 

lowland river with a channel width of a few hundred metres. Its discharge regime is largely rain 

dominated. Sediment is transported partially as bed load and partially as suspended load. The 

Waal originates at a flow bifurcation near the German-Dutch border and runs through the central 

part of The Netherlands towards the sea (Fig. 4.1a). The downstream segment of the Waal has 

born several names during history (e.g. Linge, Merwede), but to avoid confusion, in this chapter 

the entire distributary is called Waal (Fig. 4.1b).  
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Palaeogeography 

The river Waal emerged around 190 BC (Törnqvist, 1993), when an avulsion in the upper part of 

the Rhine delta initiated a new (additional) route to the sea, partly reoccupying, partly dissecting 

former smaller distributaries. Initially, the Waal discharge spread over several diverting channels, 

especially downstream of Tiel. By 425 AD, however, the larger part of the flow was discharged by 

a single course (Berendsen and Stouthamer, 2001). At that time, an avulsion in the vicinity of Tiel 

established a second, southern Waal course, which rejoined the existing course about 40 km 

downstream (Fig. 4.1b). During high discharge conditions, part of the discharge of this southern 

course flowed into the river Meuse, a situation that would last until 1904 AD (Fig. 1b). Around 

1100 AD, the two Waal courses still co-existed. In the period thereafter, the northern one quickly 

lost importance and around 1305 AD it had become so small that it was dammed. Since then, the 

southern course alone has carried the Waal discharge (Berendsen and Stouthamer, 2000; 

Berendsen and Stouthamer, 2001). In 1421 AD, the configuration of the very downstream part of 

the Waal strongly changed due to a severe marine flood. The flood formed a tidal inlet that 

became connected to the downstream end of the Waal at a new bifurcation (Fig. 4.1b). In the 

following centuries, the tidal inlet largely silted up. The formation and evolution of the tidal inlet 

did not significantly affect the channel bathymetry and morphology in the upstream part of the 

Waal (Kleinhans et al., in press, b). In 1707 AD, however, the configuration of the upstream part 

of the Waal was altered by the digging of a canal, which displaced the source bifurcation of the 

Waal several kilometres downstream (Fig. 4.1b; Van de Ven, 1976). 

Natural discharge variations 

Presently, the average discharge of the Waal is about 1500 m3/s and the maximum discharge 

recorded during the 20th century was about 8,400 m3/s. The Waal discharge, however, has strongly 

varied over time. It reacted to climatologic variations (e.g. Middelkoop, 1997: ch. 2), and, more 

importantly, to morphological changes at its source bifurcation, which affected the proportion of 

the total Rhine discharge that flows into the Waal. Morphological bifurcation changes have been 

documented in written sources and historical maps since about 1500 AD, demonstrating a 

gradual increase in Waal discharge until the end of the 17th century. At that time, the Waal 

discharged over 90% of the total Rhine discharge (Van de Ven, 1976). Since the 18th century, the 

discharge distribution at the source bifurcation has been controlled by humans. 

History of human activities 

Widespread human activity in the Rhine catchment started approximately 4350 BC (Kalis et al., 

2003), when valley slopes were deforested for agricultural purposes. Due to this deforestation, the 

peak discharge of the river may have increased, causing a slight increase in meander length 
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(Berendsen and Stouthamer, 2000). Furthermore, the suspended transport of clay and silt 

increased, causing a rise in floodplain deposition rates, whereas the bed-load transport of sand 

and gravel appears unaffected (Erkens et al., 2006). As far as known, the deforestation in the 

hinterland did not affect the morphology and bed characteristics of the main channel, and 

therefore the Waal, in essence, remained a natural river. 

This situation lasted until about 1100 AD, when inhabitants started with the construction of 

embankments along the river (Van de Ven, 1993). The embankments not only protected the 

population from flooding, but also allowed reclamation of land. By 1300 AD, both Waal courses 

had completely been embanked (Berendsen and Stouthamer, 2000). In the centuries after 

embankment, several large river meanders were artificially cut off to prevent erosion of the 

embankments (in 1500, 1639, 1649, 1655 and 1680 AD; Berendsen and Stouthamer, 2001). From 

about 1600 AD, local populations started to reclaim land for agricultural purposes. At locations 

where the embankments (and the flow) diverged, groynes were constructed to increase the 

sedimentation rate, which already was very high in the area between the embankments 

(Middelkoop, 1997). The top part of the new deposits consisted of clay, which was often mined by 

brickyards. In the 17th century, engineering works were constructed at the source bifurcation of 

the Waal to improve the discharge distribution over the Rhine branches, which had become 

unfavourable from a military and economic point of view (Van de Ven, 1976). These works were 

unsuccessful, and therefore around 1707 AD a canal was dug displacing the bifurcation several 

kilometres downstream (Fig. 4.1b). This resulted in the intended decrease in Waal discharge: by 

the end of the 18th century the Waal discharge had reduced from over 90% to about 67% of the 

total Rhine discharge, a decrease of about 25% (Hesselink et al., 2006). The new discharge 

distribution has been maintained ever since. 

In the 19th century, the Waal became increasingly important as international navigation 

route. To improve the navigability and discharge capacity of the Waal, it was decided to narrow 

and deepen the river by the construction of a regular array of groynes along the banks. After some 

preparatory works, this so-called river ‘normalisation’ started around 1870 AD (e.g. 

Topographische Inrigting, 1873-1884). Because it did not immediately result in the intended 

erosion of the river bed, large-scale dredging operations were carried out over the entire river 

length to further increase the navigation depth (Van Heiningen, 1991). The river was further 

improved for navigation by modifying the bifurcation at the downstream end of the Waal (1860-

1890 AD), and through the closure of the connections between the Waal and the Meuse river 

(1904 AD). The normalisation works ended in 1916 AD, but dredging operations continued, both 

for economic purposes and for maintenance purposes. The latter became increasingly important 

because the navigation intensity on the Waal strongly increased during the 20th century and 

presently is among the highest in the world. Major engineering works in the Waal during the 20th 

century included the stabilisation of a large meander near Nijmegen (1985-1988 AD) and the 

raising of the embankments to a new safety standard (1956 to ~2000 AD; Van de Ven, 1993). In 

the past decade many floodplain restoration projects were carried out.  
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From the point of view of channel morphology, the history of human activities in the Waal 

can be divided into three periods. In Period 1 (190 BC–1100 AD), human impact on channel 

morphology was very small (and indirect) and the Waal therefore can be considered as a natural 

river. In Period 2 (1100-1870 AD) the Waal had a semi-natural character: the channel 

morphology became increasingly affected by human activities such as embankment, meander cut-

offs and bifurcation modification. In Period 3 (1870 AD - present), the Waal was transformed 

into a heavily-engineered, canalised river by normalisation, dredging and navigation.  

4.3 Methods 

During the long history of human activities, the flow and bed sediment characteristics of the Waal 

changed. The following two sections describe how these historical changes in flow characteristics 

and bed sediment characteristics were reconstructed. We focus on two characteristics with a large 

geomorphologic importance, i.e. the bed shear stress and the bed grain size. 

Reconstruction of the historical change in bed shear stress 

In order to reconstruct the historical change in bed shear stress, we calculated shear-stress values 

for the Waal at three moments in time: during Period 1, at the end of Period 2 (~1870 AD) and at 

the end of Period 3 (1995 AD). We did so for two different discharge conditions: a 1.5y flood 

event (‘bankfull flood’) and a 10y flood event (‘large flood’). We focused on the deepest part of the 

channel (the thalweg), for which the shear-stress change can be most accurately reconstructed. 

The flow was assumed to be steady and uniform, which allows calculation of the bed shear stress τ 

withτ=ρghS,  where ρ denotes the water density (kg/m3), g the gravitational acceleration (m/s2), h 

the flow depth (m) and S the energy gradient (water level slope) (m/m). The flow depth h was 

assumed equal to the elevation difference between the flood water level and the thalweg bed level, 

Table 4.1 Data used to reconstruct h (= flood water level - thalweg level) and S (= streamwise drop in flood 

water level / channel length) in Period 1, Period 2 and Period 3. 
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and the energy gradient S was taken equal to the streamwise drop in the flood water level, divided 

by the channel length. To reconstruct the historical change in h, S and τ, information was needed 

on (a) the flood water level, (b) the thalweg bed level and (c) the channel length. 

For Period 2 and 3, these parameters could easily be determined from records of flow 

measurements, or from historical or modern river maps (Table 4.1). This was done for 5 study 

sites along the Waal (S1-S5, see Fig. 4.1). For Period 1 a different approach was used, because 

written sources or historical river maps from this period (190 BC-1100 AD) do not exist. The 

required parameters were derived from 7 lithological cross sections through Waal deposits 

formed in this period (Fig. 4.1d). The construction of the cross sections is described below (also 

see Gouw and Berendsen, 2007). Within the cross sections we identified two sedimentary levels: 

(a) the top of the natural levees and (b) the top of the thalweg deposits. As illustrated in Fig. 4.2, 

these levels respectively correspond to the flood water level and the thalweg bed level. The river 

length in Period 1 was measured along the residual channel that is preserved from that period 

(Fig. 4.1d), omitting small meanders that have evolved since the moment that the channel was 

fully active. 

Reconstruction of the historical change in bed grain size  

Approach 

In order to reconstruct the historical change in bed grain size, we compared Waal deposits 

formed under natural conditions (Period 1), semi-natural conditions (Period 2) and present 

conditions (Period 3). Ideally, this comparison should be based on measurements of the width-

averaged bed grain size at several locations along the river. Unfortunately, the width-averaged bed 

grain size cannot be determined for Period 1 and 2, because from these periods only remnants of 

the river bed are preserved in the geological record. Therefore it was decided to compare the grain 

Figure 4.2 Schematic cross-section through a meandering river, showing that thalweg deposits and natural 

levee deposits can easily be identified in an active river, but also in the sedimentary record of their 

immediate precursors. The direction of channel migration is to the left; the age of the thalweg deposits 

increases to the right (based on Allen, 1970; Weerts, 1996). 
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size of the thalweg deposits instead of the width-averaged bed grain size. Thalweg deposits are 

formed in the deepest part of the channel, and are easy to sample in the present Waal, but can also 

be recognised in the geological record, because they are relatively coarse compared to the 

overlying and underlying deposits and often lie discordantly on the latter deposits (Fig. 4.2). 

Furthermore, focusing on the thalweg deposits allows comparison of the grain-size change with 

the shear-stress change, which also was calculated for thalweg conditions (previous section). Note 

that focusing on thalweg deposits makes sense only if the thalweg deposits are fully alluvially 

formed (not influenced by a hardly-erodible substrate), which is the case for the Waal. 

 

Period 1 

Thalweg deposits formed under natural conditions were studied in the downstream part of the 

river Waal (Fig. 4.1d), because farther upstream these deposits have largely been eroded by recent 

phases of the river (Fig. 4.1c). Most of the preserved deposits belong to the former northern 

course of the Waal that existed from 190 BC to 1305 AD. Within this course, 45 corings were 

done down to the base of the channel deposits (with depths of 5 to 9 m; Gouw and Berendsen, 

2007). Coring equipment consisted of an Edelman (Dutch) auger and a Van der Staay suction 

corer (Van de Meene, 1979). The cores were described in the field at 10 cm intervals. The gravel 

content, gravel diameter and sand diameter were estimated with an (absolute) standard error of 

less than 15%, 1.0φ and 0.5φ, respectively. Gouw and Berendsen (2007) constructed 7 lithological 

cross sections from the corings (N1-N7 in Fig. 4.1d; an example is given in Fig. 4.6a). Thalweg 

deposits occur at several depths within the cross sections, because the channel depth varied over 

time. The thalweg deposits that occur at the base of the sandy channel deposits must have been 

Figure 4.3 Similarity of visual estimation and sieve analysis for the determination of the mean grain size 

(Dm). Each data point refers to a different study site (S1-S5 in Fig. 4.1c-d), and represents about 49 visual 

grain-size estimations and 7 sieve analyses. Standard errors were calculated using common analytical error 

propagation formulae. 
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formed in the period with the highest discharge (deepest channel), which was sometime before 

1100 AD. In 38 of the 45 corings, these thalweg deposits can be easily distinguished from the 

underlying deposits by a different lithology (sand-gravel versus clay-peat) or a discordant 

boundary. The thickness of the thalweg deposits is assumed to be 50 cm, in rough correspondence 

with the thickness of the transport layer in the present Waal (this thesis: Chapter 3; Kleinhans, 

2001).  

The geometric mean grain size of the thalweg deposits was determined separately for the left 

part and the right part of the cross sections (the reason for this is given below). The calculation 

procedure was as follows. First, the corings in the left part of a cross section were selected (on 

average 3 corings). All core descriptions from the lower 50 cm of the channel deposits were 

aggregated, giving a dataset of about (3 x 50
10 =) 15 sample descriptions. From this dataset, the 

mean gravel content G (-), the mean gravel diameter φg and the mean sand diameter φs were 

calculated (φg and φs on φ-scale). Using these parameters, we calculated the geometric mean 

diameter of the thalweg deposits Dm (mm):  

 

2 m

mD −
=

ϕ
;  with: (1 )m g sG G= + −ϕ ϕ ϕ    (4.1) 

 

A similar approach was used to determine the mean diameter of the thalweg deposits in the right 

part of the cross section. Though the procedure is entirely based on (subjective, but trained) visual 

grain-size estimations, it is expected to give reliable results because of the large number of visual 

estimations used. This expectation was tested using a dataset for which both visual estimations 

and sieve analyses are available (Fig. 4.3) and appeared to be correct. 

 

Figure 4.4 Typical location of corings in Waal deposits from Period 2 in relation to the historical and 

present topography (after Topographische Inrigting, 1873-1884; TD-Kadaster, 2003-2006). The study site 

shown is S3 from Fig. 4.1c. 
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Period 2 

Thalweg deposits formed under semi-natural conditions were studied at 5 study sites close to the 

present Waal (S1-S5 in Fig. 4.1c-d). First, at one of the study sites (S3), a detailed lithological cross 

section was constructed to get insight in the sedimentology of the deposits. Thereafter, at each 

study site, 6-10 corings were done to depths of 3-7 m, using a Van der Staay suction corer. The 

total number of corings was 37. The coring locations were selected according to the following 

criteria: close to the present waterline (low elevation) to reduce the coring depth, but far from the 

groynes to minimise the risk that the thalweg deposits were eroded by groyne-induced eddies in 

the period after the normalisation (Fig. 4.4). An analysis of historical maps (Ploeger, 1992; 

Middelkoop, 1997; Hesselink et al., 2003) shows that the thalweg deposits in the corings were 

formed between 1600 and 1870 AD, but often after 1700 AD (i.e. at the end of Period 2). The 

corings almost completely consisted of sand and gravel. We decided to designate the deposits with 

the largest gravel content and the largest maximum grain diameter as thalweg deposits, provided 

that they lie discordantly upon the underlying deposits, are located at a depth of 4 ±1½ m (the 

approximate depth of the historical Waal) and are at least 20 cm thick.  

In all 37 corings, a sample was taken from the thalweg deposits. The sample size (about 0.5 l) 

was large enough to ensure that the largest grain in the sample never weighed more than a few 

percent of the sample mass. All samples were sieved over a 0.5 phi sieve-set. From the resulting 

grain-size distributions 2 estimates of the geometric mean grain size of the thalweg deposits (Dm) 

were calculated per study site, one for the left part of the study site (see Fig. 4.1c-d) and one for 

the right part (the reason for this approach will become clear below). 

 

Period 3 

Thalweg deposits formed under present conditions were studied along the entire present channel 

of the Waal. First, echosounding data were used to determine the location of the thalweg in the 

present Waal (Rijkswaterstaat, unpublished data from 1995 AD). Then, for each kilometre of the 

thalweg, the grain size distribution of the thalweg sediment was obtained from the grain size 

dataset of Ten Brinke (1997), which contains sieve curves for several positions across the river 

width at 1 km intervals, based on grab samples taken in 1995 AD. In total 78 grain size 

distributions were chosen. These grain size distributions were used to calculate for each 15-km 

reach of the Waal, two estimates of thalweg grain size (Dm), one for the left part of the river (left of 

the river axis), and one for the right part (right of the river axis). 

4.4  Results 

Bed shear stress 

The flow characteristics in the Waal strongly changed during history. The largest change took 

place during Period 2 (1100-1870 AD). In this period, the 10y flood water level rose 4.3 metres 
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(Fig. 4.5a), the thalweg bed level rose 2.0 m (Fig. 4.5a) and the river length of the downstream part 

of the Waal decreased from 58 to 48 km. The overall result was an increase in flow depth h. Also 

the energy gradient S increased, but the percent increase in S was only half as large as the increase 

in h (Table 4.2). Due to the increase in h and S, the bed shear stress τ in the thalweg of the Waal 

became markedly higher (Table 4.2). 

In Period 3, the changes in flow characteristics were less complex than in Period 2. The flood 

water level remained constant (Fig. 4.5b), and so did the river length. However, the thalweg bed 

level strongly decreased (by about 3.0 m, see Fig. 4.5), thereby increasing h and τ  (Table 4.2). The 

increase in τ during Period 3 was slightly less than the increase in τ  in Period 2 (Table 4.2).  

Note that all values given above refer to 10y flood conditions. Values for 1.5y flood conditions 

are not very different (Fig. 4.5, Table 4.2). The estimated standard error of all flow characteristics 

is 5-10% of the indicated value. 

Bed grain size 

Simultaneously with the historical change in bed shear stress, the sedimentology of the Waal 

deposits changed. In Period 1 (before 1100 AD), when the Waal was fully natural, the channel 

deposits consisted completely of sand (especially in the downstream part of the Waal). In the 

Figure 4.5 Change in thalweg bed level and flood water level during (a) Period 2 (1100-1870 AD) and (b) 

Period 3 (1870 AD – present). The 1.5y flood water level of Period 1 is not shown, but coincides with the 

10y flood water level of Period 1 (cf. Fig. 4.2, Table 4.1). The 1.5y flood water level of Period 2 could not be 

determined due to data limitations, but probably was equal to the 1.5y flood water level of Period 3 

(because the 10y flood water level was also equal in both periods, see the upper line in panel b). The 

downstream distance on the X-axis is measured along the channel belt of the Waal (instead of along the 

actual channel), to exclude effects of temporal changes in river length from the graph. 
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thalweg, the sand grain size was slightly coarser than in the shallower parts of the river, but gravel 

occurrences were very rare (Fig. 4.6a). In the first part of Period 2, the channel deposits still 

largely consisted of sand; only the thalweg deposits now were distinctly coarser. They everywhere 

consisted of gravely sand (left part of Fig. 4.6b). At the end of Period 2 (after 1720 AD), there was 

an increase in the occurrence of gravel in the shallower parts of the river (right part of Fig. 4.6b). 

Furthermore, there was an increase in thalweg level of the Waal. The magnitude of this increase 

was about equal to the value derived in the previous section (about 2 m). 

The thalweg deposits of the Waal show a distinct downstream fining during all three periods 

(Fig. 4.7). However, the thalweg deposits formed under natural conditions (Period 1) are much 

finer than the thalweg deposits formed under semi-natural and present conditions (Period 2 and 

3). Not only during Period 2, but also during Period 3, the thalweg grain size strongly increased 

(Fig. 4.7d; Table 4.2). It is remarkable that for Period 3 the increase in thalweg grain size differed 

over the river width. The thalweg deposits in the right half of the river strongly coarsened, 

whereas the thalweg deposits in the left half of the river hardly changed at all (Fig. 4.7b–c). Note 

that the rate of coarsening from Period 1 to 3 was uniform along the entire river length, leaving 

the downstream fining rate (given by the exponent of the trend lines in Fig. 4.7d) more or less 

constant. 

The observed historical changes in thalweg grain size are statistically significant and not due 

to natural variation in grain size, which is evidenced by the narrow error bands in Fig. 4.7. 

Because the thalweg deposits from Period 2 were not identified using a depth criterion (as in 

Period 1 and 3), but using a grain-size criterion, there is a small chance that the thalweg grain size 

of this period was systematically overestimated. However, a comparison of the depth of the 

identified thalweg deposits with the average historical depth of the thalweg, as read from historical 

maps (Fig. 4.6, 4.8), shows that (in general) the thalweg deposits of Period 2 were correctly 

identified, which implies that the thalweg grain size is free of systematical errors. The small 

deviations in Fig. 4.8 are likely related to natural variation in thalweg depth and to the fact that 

the sampled thalweg deposits were not formed at the moment of map production. 

Table 4.2 Reconstructed flow and grain size data for Period 1 (natural conditions), the end of Period 2 

(~1600-1870 AD, flow data 1870 AD, semi-natural conditions) and the end of Period 3 (~1995 AD, present 

conditions). The relative standard error of all values is 5-10%. 
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Figure 4.6 Lithological cross-sections through the deposits of: (a) the natural Waal (Period 1); and (b) the 

semi-natural Waal (Period 2). The cross-sections were drawn at study-sites N2 and S3 and are partially 

based on the Linge section of Gouw and Berendsen (2007) and the Ochten section of Hesselink et al. 

(2003), the latter extended with 21 new corings. See Fig. 4.1 for the location of the cross-sections. 
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4.5 Discussion  

Identification of the causes of the historical change in bed shear stress 

Period 2 

The observed increase in bed shear stress (τ) during Period 2 was derived from a comparison of 

the length, flood level and thalweg level of two different Waal branches (Fig. 4.1d). It is expected, 

however, that the increase in τ during Period 2 is an effect of external causes and not an artefact of 

the comparison of two different channel belts, because the channel belts of both Waal branches 

have the same length and are situated in a floodplain with a similar surface elevation. Also the 

sediments underlying the two channel belts are similar.  

The increase in τ occurred in a time period when the discharge of the Waal strongly increased 

due to natural morphological changes at the source bifurcation of the Waal (see Section 4.2). We 

Figure 4.7 Downstream change in the geometric mean grain size of the thalweg deposits (Dm): (a) Period 1 

(natural conditions), (b) end of Period 2 (~1600-1870 AD, semi-natural conditions), (c) end of Period 3 

(1995 AD, present conditions), (d) all periods together. Downstream distance (x) is measured along the 

contemporary channel, beginning at the upstream end of the Waal (Period 2,3) or at the upstream part of 

the abandoned northern Waal branch (Period 1). All data points are averages of several grain-size samples. 

The accuracy of the data is shown through the error bands in Fig. a-c, which represent the data point ± one 

standard error (calculated from common analytical error propagation formulae). In the equations for the 

trend lines in Fig. d, Dm is given in mm and x in km. 
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estimate that the discharge more than doubled between the moment that the thalweg deposits of 

Period 1 were formed and the moment that the source bifurcation of the Waal was stabilised 

(around 1707 AD). Such a discharge increase may be expected to cause bed degradation, in this 

way leading to an increase in flow depth h and bed shear stress τ (τ=ρghS). However, the 

observations in the Waal (Fig. 4.5) indicate that there was a net bed aggradation in Period 2, 

which means that the natural discharge variations cannot explain the increase in τ during Period 

2. The increase in τ probably is due to human impact. During Period 2, several human activities 

occurred (see Section 4.2), some of which predominantly affected the area outside the main 

channel (clay mining, land reclamation), while others also affected the area inside the main 

channel (embankment, meander cut-offs, bifurcation modification). Clearly, only the latter 

activities can have significantly contributed to the increase in τ  in the thalweg of the main 

channel. The effects of these three activities on the bed shear stress τ  are discussed succussively in 

the following paragraphs.  

The embankment probably is the most important of the three activities. It caused a strong 

increase in flood water depth h and also an increase in energy gradient S (Table 4.2), which 

together can largely explain the observed increase in τ (Fig. 4.5a) (τ=ρghS). The increase in h 

Figure 4.8 Correspondence in depth between the presumed thalweg deposits from 1600-1870 AD and the 

bed-level of the thalweg at the end of Period 2 (~1870 AD). For comparison also the thalweg level is shown 

for the present Waal (1995 AD) adjacent to the coring locations. The thalweg levels are averages over 2-3 

kilometres, and were determined from historical maps (Topographische Inrigting, 1873-1884, focusing on 

not-yet normalised parts of the Waal) and multibeam echosoundings (Rijkwaterstaat, unpublished data 

from 1995 AD). 
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occurred because the embankment prevented the discharge of flood water through the flood 

basins, thus increasing the water level in the main channel. The embankment caused an increase 

in S because it hampered meander migration, which led to a decrease in sinuosity and river length 

(Wolfert, 2001) and therefore to an increase in S. Note that the embankment also may be 

responsible for the increase in thalweg level during Period 2, which slowed down the increase in 

h. This is because the higher water depth after the embankment intensified the flow attack on the 

river banks, causing bank erosion and river widening (Middelkoop, 1997), which may have led to 

deposition of the eroded sediments on the river bed. A similar phenomenon was observed in the 

Mississippi river (Winkley, 1982). 

The meander cut-offs also contributed to the increase in τ, because they decreased the river 

length, which led to an increase in energy gradient S. The decrease in river length caused by the 

cut-offs in the downstream part of the Waal was about 7 km, whereas the total decrease in river 

length was about 10 km (this follows from analysis of lithological and topographical maps, 

Berendsen et al., 2001; TD-Kadaster, 2003-2006). The meander cut-offs thus are the main cause of 

the decrease in river length and the increase in S during Period 2, but as the change in S only 

contributed little to the increase in τ (see Section 4.4), it must be concluded that the meander cut-

offs only had a minor effect on τ. 

The modification of the source bifurcation of the Waal in 1707 AD also only had a minor 

effect on τ. The modification caused a decrease in Waal discharge, which can have triggered bed 

aggradation, and might explain the observed increase in thalweg level and the related change in τ. 

However, it is unlikely that the bifurcation modification is the main cause of the increase in 

thalweg level (and τ), because (1) the discharge decrease was relatively small (25%), (2) the bed 

level in the Waal is not very sensitive to discharge variations, as was shown above, and (3) 

geological studies of the Rhine distributaries never revealed a strong effect of discharge on the 

thalweg depth (e.g. Gouw and Berendsen, 2007). The falling together of the bifurcation 

modification (1707 AD) and the increase in thalweg level (about 1720 AD) at study site S3 (Fig. 

4.6b) probably is a coincidence and not representative for the entire Waal. The very sudden 

increase in thalweg level visible in Fig. 4.6b might be due to a local decrease in bend curvature, 

which is known to result in a smaller transverse bed slope and therefore to lead to a smaller 

thalweg depth (e.g. Odgaard, 1981). 

 

Period 3 

The strong increase in bed shear stress during Period 3 must be fully due to human impact, 

because possible natural causes are absent in this period. All human activities that occurred 

during Period 3 (see Section 4.2) probably had some effect on τ. However, for most activities this 

effect was small (clay mining, embankment heightening, navigation, floodplain restoration) or 

local (modification of the downstream bifurcation, closure of the connections with the Meuse 

river, meander stabilisation). Only two activities can have significantly affected τ over the entire 

length of the Waal: the river normalisation and the dredging of bed sediments. 
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The increase in τ during Period 3 was accomplished by bed level lowering. The total amount 

of degradation was 3.0 m (Fig. 4.5b), of which 1.7 m occurred before 1916 AD and 1.3 m 

thereafter (this follows from the 1916 AD river map, Topografische Dienst, 1915-1919). The 

degradation before 1916 AD must be fully due to the normalisation (including the normalisation-

related dredging works), which took place between 1870 and 1916 AD. The degradation after 

1916 AD can be an after-effect of the normalisation, but probably it is primarily due to the post-

1916 dredging activities on the river bed. Between 1916 and 1995 AD about 30.106 m3 sediment 

were dredged from the Waal (Ten Brinke, 2005: ch. 6). Given the length and width of the Waal 

channel, this corresponds to sediment layer of 1.2-1.4 m thick, which is similar to the total bed 

degradation that was observed after 1916 AD. 

Identification of the causes of the historical change in bed grain size 

Changes in bed grain size can occur independently of changes in bed shear stress, but generally 

they are causally related. An increase in bed shear stress typically leads to preferential erosion of 

fine grains from the river bed, thereby increasing the bed grain size. A decrease in bed shear 

stress, on the other hand, causes a reduction in the upstream supply of coarse grains, leads to 

sedimentation of fine grains and therefore results in a decrease in bed grain size. Examples of such 

a relationship are widespread in fluvial geomorphology. For instance, in many rivers the shear 

stress decreases in downstream direction (due to the concave long profile), leading to a 

downstream fining of bed grain size (e.g. Morris and Williams, 1999b). And on the scale of 

meander bends, it is often seen that the zone of high shear stresses along the outer bank of river 

Figure 4.9 Relation between the historical change in bed shear stress (τ) and the historical change in 

thalweg grain size (Dm). Note the equal slope of the several line segments, which indicates that the change 

in Dm  is proportional to the change in τ. 
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meanders is accompanied by a zone of coarse bed grains (e.g. Dietrich and Whiting, 1989).   

For the Waal, it was shown that the historical change in thalweg grain size has the same trend 

as the change in shear stress. Both the grain size and the bed shear stress increased during Period 

2 and 3, and the increase was strongest in Period 2 (Table 4.2). Besides, the magnitude of the 

changes in grain size is proportional to the changes in shear stress (Fig. 4.9). This suggests that the 

changes in grain size are due to the changes in bed shear stress, which implies that the human 

activities that caused the historical change in shear stress must also be responsible for the 

observed changes in bed grain size. Thus the embankment, normalisation and dredging must be 

the main causes of the grain-size change in the Waal.  

These human activities, however, cannot explain the cross-stream variation in bed-grain size 

that developed in Period 3 (Fig. 4.7c). During Period 3, the bed shear stress increased equally in 

the right and in the left part of the river (not shown), but the bed grain size increased more in the 

right part of the river. This may be an effect of the increased navigation in Period 3, which is 

known to cause high bed-shear stresses on the sandy groyne-field beaches along the Waal, 

whereas it does not affect the shear stress in the main channel (Ten Brinke et al., 2004). The high 

bed-shear stresses in the groyne fields evoke a net supply of fines to the main channel during low-

flow periods. During high-flow periods, the fines are transported back into the groyne fields. 

Because the vessels sailing upstream in the left part of the Waal are fully loaded, whereas the 

vessels sailing downstream along the right bank are often empty, it may be clear that the fining 

effect of the navigation must be stronger in the left part of the Waal. The navigation thus appears 

to be responsible for the cross-stream variation in bed grain size in Period 3 (Ten Brinke, 1997; 

Ten Brinke et al., 2004). 

Comparison to other river branches 

The main causes of the grain-size change in the river Waal appear to be: the embankment, the 

normalisation, the dredging and the navigation. Information on the effect of these human 

activities on the bed grain size in other rivers is scarce. The work of Wyzga (1991, 1993), however, 

has shown that normalisation works and meander cut-offs in Polish rivers caused bed 

degradation, leading to an increase in bed shear stress and winnowing of fine grains from the 

river bed, thereby coarsening the river bed. These observations are very similar to our 

observations in the river Waal. A difference between the Polish rivers and the Waal is the effect of 

dredging works. In contrast to the Waal, the Polish rivers studied by Wyzga (1991) are armoured 

gravel-bed rivers, and the dredging works caused destruction of the armour layer, temporarily 

decreasing the bed grain size, and inducing a very strong bed degradation wave. 

In addition to the changes in shear stress and grain size, the human activities in the Waal also 

caused a strong change in fluvial architecture. Recent thalweg deposits consist of a distinct gravely 

layer with a thickness of 20-160 cm (Fig. 4.6b), whereas thalweg deposits formed under natural 

conditions are sandy and lithologically more similar to the overlying deposits (Fig. 4.6a). This 
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seems to be typical for many river branches in the Dutch Rhine delta: present thalweg deposits 

often consist of a 1 m thick gravely layer (e.g. Gruijters et al., 2003), whereas thalweg deposits 

formed by Middle-Holocene rivers are predominantly sandy (according to the database of 

Berendsen and Stouthamer, 2001). If natural thalweg deposits contain gravel (which certainly 

does occur in the upstream part of the delta), the gravel percentage is often smaller, and the 

gravely layer thinner than in present thalweg deposits. 

With respect to the downstream fining rate of the Waal, it is worth to notice that (though it 

did not change due to the human activities), it is much larger than the fining rate of other sand-

bed rivers, such as the sand-bed part of the Mississippi (Wright and Parker, 2005a; this thesis: 

Chapter 2). The exponents of the diminution curves (the trend lines in Fig. 4.7d) for the Waal and 

Mississippi are respectively in the order of 0.01 and 0.001 km-1. The difference is probably due to 

the fact that the Mississippi is much longer than the Waal (cf. Morris and Williams, 1999b). 

Dynamics of shear-stress and grain-size change 

So far, we implicitly assumed that the bed shear stress and bed grain size at the end of Period 2 

and 3 were fully adapted to the human activities that took place in these periods. For both 

variables, however, an adaptation time applies, which are mutually dependent (e.g., see 

Mosselman and Sloff, in press). 

The adaptation time for the bed shear stress in principle is very small: immediately after a 

human activity (engineering work), the bed shear stress adapts to the new channel geometry. 

However, the changed bed shear stress causes erosion (or sedimentation) of the river bed, thereby 

changing the flow depth (h) and river gradient (S). This leads to a further change in bed shear 

stress (τ=ρghS). The bed shear stress attains a final (equilibrium) value at the moment that the 

morphology of the river is fully adapted to the human activity. Therefore the total adaptation time 

for the bed shear stress is equal to the morphological adaptation time of the river. The latter 

depends on the volume of sediment to be eroded (or deposited) and the rate of sediment 

transport (e.g. De Vries, 1975). Most of the adaptation takes place in the first centuries after a 

human activity, and therefore we may assume that the shear stress in the Waal momentarily is 

largely adapted to human activities in Period 2 (1150-1870 AD). Whether the shear stress of the 

Waal is fully adapted to the human activities of Period 3 (1870 AD-present), is unclear. The river 

normalisation (1870-1916 AD) might be expected to cause significant amounts of bed 

degradation in the 21st century, leading to an increase in bed shear stress. Note, however, that a 

large part of the anticipated degradation was already accomplished by dredging activities on the 

river bed. In this way, the adaptation time was shortened and therefore it is often assumed that 

the Waal morphology is largely adapted to the normalisation works (e.g. Taal, 1994; Ten Brinke, 

2005). This implies that future changes in bed shear stress as a result of the human activities in 

Period 3 are probably small.  
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The bed grain size continuously adapts to the prevailing bed shear stress (except in rivers with 

uniform bed sediments). The adaptation time is rather small (especially if the river bed degrades), 

because only the grain size of the upper bed layers needs to be changed, something that involves 

only a minor sediment transport and can be accomplished in a single discharge wave. For 

instance, a local increase in shear stress immediately leads to preferential erosion of fine grains 

from the upper bed layer, in this way coarsening the river bed. However, if the shear-stress 

increase takes place over the entire river length, the grain-size adaptation takes more time. This is 

because each location along the river not only looses fine grains due to preferential erosion, but 

also receives fine grains from upstream. It takes a certain time period before all fine grains have 

reached the downstream end of the river. Therefore the grain-size adaptation in the downstream 

part of the Waal can lag behind the adaptation in the upstream part of the Waal. The adaptation 

time depends on factors such as the flood frequency, the grain-size composition of the subsurface, 

the thickness of the transport layer and the selectivity of the transport processes (see Chapter 2 of 

this thesis for a review of size-selective transport processes in sand-bed rivers). Because the bed 

shear stress at present is assumed to be largely adapted to the human activities and because the 

bed grain size quickly adapts to the prevailing bed shear stress, we expect that the coarsening of 

the Waal bed due to the human activities in Period 2 and Period 3 is about completed.  

In the next decades many engineering works will be carried out in the Waal in order to 

decrease the flood water level with several centimetres to decimetres. This will result in a relatively 

small change in flow depth that will hardly change the bed shear stress during floods. Therefore 

the magnitude of the future bed grain size change may be expected to be small.  

Implications for river restoration  

After centuries of river harnessing, modern river management often attempts to restore canalised 

rivers to a more natural state (e.g. Hooke, 1999). A key problem in river restoration is to define 

Figure 4.10 Reconstruction of the historical value of the Shields parameter in the thalwegs of the river Waal 

during 10-year flood conditions in Period 1, at the end of Period 2 (~1600-1870 AD) and at the end of 

Period 3 (1995 AD): (a) using contemporary values of the bed grain size (correct); (b) using the present 

value for the bed grain size (erroneous). 
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the reference situation. Not only the historical width and depth of the river are to be known, but 

also the sediment dynamics. The latter is often expressed by the Shields parameter (θ), which is a 

measure of the balance between the fluid shear stress and the gravitational stress exerted on the 

bed grains:  

 

( )s m

τ
θ

ρ ρ gD
=

−
 (4.2)

  

For the calculation of the Shields parameter in the reference situation, the historical bed grain 

size (Dm) is needed. Because this is generally unknown, in many river restoration studies the 

present-day bed grain size is used to calculate the Shields value in the historical situation (Wolfert, 

2001: ch. 7; Hesselink, 2002: ch. 3). It may be clear that this procedure is prone to error. 

To determine the magnitude of the error, we calculated the historical Shields parameter in the 

Waal in two ways: once using the (correct) contemporary bed grain size, and once using a time 

constant value for the bed grain size (i.e. the present value). Data were obtained from Table 4.2. 

Though the Shields parameter in the thalweg of the Waal in reality remained constant over time 

(Fig. 4.10a), the calculation based on the present bed grain size suggests that it strongly increased 

(Fig. 4.10b). The magnitude of the error is so large (see Fig. 4.10) that calculations of the historical 

Shields value without knowledge of the historical bed grain size must be considered meaningless. 

The fact that the thalweg Shields value did not change over time suggests that human 

activities had little effect on the sediment dynamics in the Waal. It is possible, however, that the 

human activities especially affected the sediment dynamics in the shallower parts (i.e. the banks) 

of the Waal, which were not studied here. Furthermore, the proportion of the river bed that 

consists of shallower parts may have changed due to human activities, causing a change in width 

averaged Shields value and sediment mobility. The available borehole data do not allow to test 

this. Also, it is possible that while the overall sediment dynamics remained constant, the dynamics 

of the individual grain size fractions changed due do temporal variations in hiding exposure 

effects. This is difficult to test because hiding exposure effects are still not fully understood. 

Finally, it should be noted that the use of the Shields parameter (θ) to express sediment dynamics 

implicitly assumes a constant bed roughness. If human activities significantly changed the bed 

roughness (affecting the loss of energy needed to overcome the friction), the sediment dynamics 

may have changed despite θ remained constant.  

4.6 Conclusions 

The bed shear stress in the river Waal strongly increased during the past 900 years. In the same 

period, the river bed markedly coarsened. The coarsening was more or less homogeneous over the 

entire river length, leaving the downstream fining rate unaltered over time. In the period before 

1870 AD, the shear stress increase and bed coarsening were mainly due to the embankment of the 
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river. In the period after 1870 AD, the shear stress increase and bed coarsening were mainly due 

to the river normalisation and dredging works. The increasing navigation intensity in the 20th 

century caused a fining of the river bed along the left bank, where the vessels carry the heaviest 

freights. Momentarily, the flow conditions in the Waal (e.g. the bed shear stress) are largely 

adapted to the human activities, and because the grain size adaptation normally closely follows 

the flow adaptation, it is expected that the future grain size change in the Waal will be small. The 

phenomenon of recent river deposits being coarser than deposits formed under natural 

conditions has also been observed in other rivers. This implies that calculations of the historical 

sediment dynamics of rivers (often done in river restoration projects) should always be based on 

historical grain size data. 
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Abstract 

Sediments contained in the river bed do not necessarily contribute to morphological change. The 

finest part of the sediment mixture often fills the pores between the larger grains and can be 

removed without causing a drop in bed level. The discrimination between pore-filling load and 

bed-structure load therefore is of practical importance for morphological predictions. In this 

study, a new method is proposed to estimate the cut-off grain size that forms the boundary 

between pore-filling load and bed-structure load. The method evaluates the pore structure of the 

river bed geometrically. As input only detailed grain-size distributions of the river bed are 

required. A preliminary validation shows that the calculated porosity and cut-off size values agree 

well with experimental data. Application of the new cut-off size method to the river Rhine 

demonstrates that the estimated cut-off size decreases in downstream direction from about 2 to 

0.05 mm, covariant with the downstream fining of bed sediments. Grain size fractions that are 

pore-filling load in the upstream part of the river thus gradually become bed-structure load in the 

downstream part. The estimated (mass) percentage of pore-filling load in the river bed ranges 

from 0% in areas with a unimodal river bed, to about 22% in reaches with a bimodal sand-gravel 

bed. The estimated bed porosity varies between 0.15 and 0.35, which is considerably less than the 

often-used standard value of 0.40. The predicted cut-off size between pore-filling load and bed-

structure load (Dc,p) is fundamentally different from the cut-off size between wash-load and bed-

material load (Dc,w), irrespective of the method used to determine Dc,p or Dc,w. Dc,w values are in the 

order of 10-1 mm and mainly dependent of the flow characteristics, whereas Dc,p values are 

generally much larger (about 100 mm in gravel-bed rivers) and dependent of the bed composition. 

Knowledge of Dc,w is important for the prediction of the total sediment transport in a river 

(including suspended fines that do not interact with the bed), whereas knowledge of Dc,p helps to 

improve morphological predictions, especially if spatial variations in Dc,p are taken into account. 

An alternative to using a spatially variable value of Dc,p in morphological models, is to use a 

spatially variable bed porosity, which can also be predicted with the new method. In addition to 

the morphological benefits, the new method also has sedimentological applications. The 

possibility to determine quickly whether a sediment mixture is clast-supported or matrix-

5 
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supported may help to better understand downstream fining trends, sediment entrainment 

thresholds and variations in hydraulic conductivity.  

5.1 Introduction 

One of the classical concepts in river morphology is the division between wash-load and bed-

material load, which was introduced by H.A. Einstein and co-workers. Wash-load is defined as 

the (fine) portion of the sediment load for which transport rate is governed by upstream supply 

(Fig. 5.1), whereas bed-material load is defined as the (coarse) portion of the sediment load for 

which transport rate is governed by the transport capacity of the flow (Einstein et al., 1940; 

Einstein and Johnson, 1950; Einstein and Chien, 1953; Shen, 1971). Wash-load normally is 

transported in suspension, whereas bed-material load is partly transported in suspension and 

partly as bed-load (Fig. 5.2). Because the supply of wash-load is by definition less than the 

transport capacity of the flow (Fig. 5.1), wash-load grains are likely to be quickly ‘washed’ down 

the river, without being deposited on the river bed or contributing to morphological change 

(Einstein and Johnson, 1950). Bed-material load grains, on the other hand, continuously interact 

with the river bed and therefore can contribute to morphological change. However, in contrast to 

what is often assumed in engineering practice, not all of the bed-material load grains do 

contribute to morphological change. Some of the bed-material load grains are only present in the 

pores of the coarser grains (Carling and Reader, 1982; Wilcock, 1998) and therefore can be 

removed from the river bed without causing a collapse of the bed structure and a subsequent 

morphological change (Paola and Parker, 2000).   

To avoid confusion with old definitions, a new division of the sediment load is proposed (Fig. 

5.2). Bed-structure load is defined as the coarse portion of the sediment load that interacts with 

the bed structure and therefore contributes to morphological change. Pore-filling load, on the 

other hand, is defined as the fine portion of the sediment load that infiltrates between the pores of 

Figure 5.1 Sediment transport capacity and sediment supply as function of grain size, as conceptualised by 
Shen (1971). 
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the larger grains if the flow conditions decline; therefore it does not contribute to morphological 

change. The discrimination between pore-filling load and bed-structure load is of practical 

importance to morphological studies. Morphological (bed level) changes in rivers are caused by 

gradients in bed-structure load. To predict bed level changes from measured (or modelled) 

transport rates accurately, the pore-filling load must be subtracted from the total sediment load 

(see Fig. 5.2). This illustrates the need for an easy method to determine the ‘cut-off’ grain size that 

forms the boundary between pore-filling load and bed-structure load (Dc,p). 

For river beds with a bimodal grain-size distribution, it is tempting to position the cut-off size 

at the breakpoint of the distribution, assuming the fine mode to be present in the pores of the 

coarser mode. This is not necessarily correct. If the fine mode contains too much sediment, the 

pores between the coarse grains cannot accommodate all the fine grains and these become part of 

the bed structure, thus contributing to morphological change. Paola and Parker (2000) recently 

developed a method to predict the cut-off size between pore-filling load and bed-structure load, 

which is encouraging and innovative. A limitation to the method is the crude estimation of the 

bed porosity, for which no sophisticated predictors exist in river research. 

The objective of the present study was to develop a new method to discriminate between 

pore-filling load and bed-structure load, based on the concepts of Paola and Parker (2000), but 

with a more sophisticated treatment of the bed structure and bed porosity. The new description of 

bed porosity presented in this chapter originates from chemical research, in which the porosity of 

grain mixtures has been a major subject of study since the 1930s. The reason for this is that many 

chemical industries produce granular materials and want to reduce transport costs by minimising 

the porosity of the produced mixtures.  

In the following sections, the new cut-off size method is presented, verified, applied to the 

river Rhine and compared to the Paola-Parker method. It is investigated how the cut-off size 

between pore-filling load and bed-structure load relates to that other cut-off size that is often used 

in river morphology: the cut-off size between wash-load and bed-material load (see Fig. 5.2). The 

causes of spatial and temporal variation in cut-off size are described and the implications for 

morphological (modelling) studies are discussed. Finally, some examples are given of 

sedimentological applications of the new cut-off size method. 

Figure 5.2 Classification of the sediment load transported by rivers. 
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5.2 The new, porosity-based, cut-off size method 

Concepts and definitions 

To determine which grain-size fractions are part of the bed-structure and which act as pore-filling 

load, the full bed structure must be evaluated. To do so a new method is developed based on a 

porosity model used in chemical research (Yu and Standish, 1991). The method assumes that the 

river bed is composed of n grain size fractions of dry, spherical, non-deformable grains of equal 

density. The grain size fractions are ordered from coarse (i=1) to fine (i=n). Each grain size 

fraction i has an effective diameter Di and initial porosity εi, which is the porosity of a uniform 

mixture of grains of size i. A list of all symbols used in this chapter is given in Appendix 1. 

The Yu-Standish porosity model 

Small uniform grains that are added to a stack of large uniform grains, can be subject to two 

effects: filling and occupation (Yu and Standish, 1988). Filling means that the small grains 

percolate through the pores of the large grains, and fill up the pore space from below, without 

disturbing the ‘skeleton’ of the large grains. Occupation means that the small grains are too large 

to percolate through the pores, and therefore disturb the skeleton of the large grains, forming a 

new skeleton consisting of both small and large grains. Whether a grain size is subject to filling or 

occupation primarily depends on the size ratio r between the small and large grains (r = 

Dsmall/Dlarge). From elementary geometry, it follows that small grains can percolate through the 

pores of the larger grains if r < 0.414 (in case of a cubical packing), or if r < 0.155 (in case of a 

tetrahedral packing) (see Fig. 5.3). 

A large number of porosity experiments have been done with two-fraction (=bimodal) 

mixtures subject to filling (for instance see Yu and Standish, 1987). These two-fraction 

experiments have shown that mixing of two grain size fractions with initial porosity εi always 

Figure 5.3 Maximum size ratio between small and large grains, still allowing the small grains to percolate 
through the pores of the larger grains, for a cubical packing (left) and a tetrahedral packing (right). 
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leads to a decrease of the total porosity (εtot) because the two fractions occupy each other’s pore 

space. The decrease in porosity is greatest if the volume of the small grains is such that the pore 

space between the large grains is completely filled. This is graphically shown in Fig. 5.4, where 

instead of the total porosity εtot the total specific volume Vtot is plotted [Vtot = 1/(1-εtot)]. (The use 

of the specific volume is numerically convenient, because it reduces most of the governing 

equations to a linear form). 

The experimental data in Fig. 5.4 can well be described by two linear functions. Both linear 

functions return an estimate of Vtot (Vtot,1 and Vtot,2 in Fig. 5.4), but only the larger of the two 

estimates is correct (see Fig. 5.4). Mathematically, this can be represented as: Vtot =max(Vtot,i), with 

Vtot,i = Vi - SijXj. Vi is the initial specific volume of size i [equal to: 1/(1- εi )], Xj is the fraction 

content of grains of size j and Sij is the slope of the linear function. Since there is a linear relation 

between Vtot,i and Xj in two-fraction mixtures (e.g. Fig. 5.4), Yu and Standish (1987) assumed that 

the relation between Vtot,i and Xj in multi-fraction mixtures also takes a linear form. They 

proposed the following linear model to predict the total specific volume Vtot of multi-fraction 

mixtures: 
 

,max( )tot tot iV V=     (5.1a) 
1

,
1 1

( 1)
i n

tot i i i ij j i ij j
j j i

V V V g X V f X
−

= = +

= − − −∑ ∑  (5.1b) 

 

with gij and fij (i ≠ j) constitutive coefficients whose values were determined from experiments 

with two-fraction mixtures (Appendix 2). Eq. 5.1 states that for each grain size fraction i, a value 

of Vtot,i should be calculated, after which the largest of the calculated values is adopted as the 

Figure 5.4 Change in the total specific volume of a two-fraction mixture due to an increase in the fraction 
content of small grains (data obtained from Yu and Standish, 1987, Fig. 5.1). A: large grains support bed, B: 
small grains support bed, C: the small grains completely fill the pore space between the large grains: small 
and large grains together support the bed. 
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correct one. For the calculation of the individual Vtot,i values, the size fraction i is treated as the 

‘controlling fraction’, which is the size fraction that forms the skeleton of the mixture. Vi 

represents the specific volume of this controlling fraction. The first summation term in Eq. 5.1 

describes the effect of grains larger than i on the total specific volume Vtot,i and the second 

summation term describes the effect of grains smaller than i on Vtot,i. Grains larger than i reduce 

Vtot,i (and the associated porosity) because they are so scarce that they occur as solitary spots of 

solid material in the mixture (see Yu and Standish, 1991). Grains smaller than i reduce Vtot,i  

because they percolate into the pores of the controlling fraction. 

Eq. 5.1 assumes that the mixture skeleton consists of only one grain-size fraction. In natural 

sediment mixtures, the mixture skeleton usually consists of more than one size fraction. In fact, 

there is a ‘controlling mixture’ consisting of several controlling fractions. To cope with this 

phenomenon, Eq. 1 can be modified. As the behaviour of the controlling mixture is similar to that 

of the controlling fraction i in Eq. 5.1, one can replace Vi in Eq. 5.1 with the specific volume of the 

controlling mixture Vi
mix (Yu and Standish, 1991). If the controlling mixture consists of the Mth to 

Nth size fraction (1 ≤ M ≤ i ≤ N ≤ n), one can write: 
 

,max( )tot tot iV V=      (5.2a) 
1

,
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M n
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To solve Eq. 5.2, the specific volume of the controlling mixture (Vi
mix) must be known. An 

important property of the controlling mixture is that the composing grains do not simply fill each 

other’s pore space, but together form the skeleton of the mixture. In other words: all grains in the 

controlling mixture are subject to occupation. Vi
mix thus can be calculated with any porosity 

model that is based on the occupation mechanism, for instance with the Yu-Standish (1988) 

model: 
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βhl and γhl are the interaction coefficients between the size fractions h and l. Their values 
(Appendix 2) have been determined by fitting Eq. 5.3 to experimental data of two-fraction 

mixtures. The terms in Eq. 5.3 that contain βhl and γhl are called the interaction terms. They always 

have a negative value and represent the decrease in specific volume (Vi
mix) that arises because the 

grain size fractions in the controlling mixture ‘interact’ (i.e. form an interlocking mixture 
skeleton). With Eq. 5.3, interaction effects are calculated between any possible combination of 2 
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two grain size fractions (e.g. i, i+1; or i, i+2), but it is assumed that interaction effects among more 

than two size fractions at once (e.g. i, i+1, i+2) are negligible. 

Evaluation of the cut-off size 

With Eq. 5.2 and 5.3, one can predict the porosity of a sediment mixture [εtot = (Vtot –1)/Vtot], but 

the equations can also be used to determine the cut-off size between the pore-filling load and the 

bed-structure load (Dc,p). To do so, first the values of N and M must be estimated that correspond 

to i=1 (explained below). Then the specific volume of the controlling mixture Vi
mix (Eq. 5.3) and 

the specific volume of the total mixture Vtot,i (Eq. 5.2b) are calculated. These steps must be 

repeated for i=2, i=3, …, i=n. The largest Vtot,i value is adopted as Vtot  (Eq. 5.2a). The values of N 

and M that are associated with the adopted value of Vtot,i are the delimiting grain size fractions of 

the controlling mixture. It is thus exactly known which size fractions are part of the controlling 
mixture, and which size fractions are finer and thus part of the pore-filling load. (It should be 

remarked that for porosity calculations it is necessary to divide the bed mixture into three parts: 
the controlling mixture, the smaller grains and the larger grains [as described above]. For the 

calculation of the cut-off size the bed mixture is divided into two parts: the bed-structure load, 

consisting of the controlling mixture plus the larger grains, and the pore-filling load, consisting of 

the smaller grains [see Fig. 5.5a].) 

It may be clear that the choice for N and M is crucial to the calculation described above. By 

definition, pore-filling grains are mixed by filling, whereas the grains in the controlling mixture 

are mixed by occupation. The size ratio r determines whether a grain size is subject to filling or 

occupation. It thus is straightforward to use the size ratio r to define N and M. 

Figure 5.5 Definition of the cut-off size between pore-filling load and bed-structure load and definition of 
the indices N and M: a) this study, b) Yu and Standish (1991). 
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For natural mixtures consisting of more than two grain size fractions, the critical size ratio r 

cannot be determined analytically. However, because the packing of natural grains resembles the 

tetrahedral packing more than the cubical packing, it is likely that the critical size ratio in natural 
mixtures is close to the value for tetrahedral packing (0.155, see above). Soppe (1990) performed 

computer simulations of the packing of natural grain mixtures with different standard deviation. 
He found that all grain size fractions with a size smaller than 0.16 times the average grain size of 

the mixture could percolate. Experiments done by McGeary (1961) also resulted in a critical size 
ratio for filling of 0.15-0.16.  

In the present study, the critical size ratio for filling is taken equal to 0.154 (after Yu and 

Standish, 1991). Although the cut-off size theoretically is equal to 0.154 Di, the cut-off size is here 

defined at the class limit between grain size fractions N and N+1 due to the discretisation of the 

grain size distribution. N is the finest grain size fraction that is part of the bed-structure load, 

whereas N+1 is the coarsest grain size fraction that is part of the pore-filling load. Thus: DN+1 < 

0.154Di ≤ DN (Fig. 5.5a, Appendix 2). In analogy to N, one can also define M (Fig. 5.5a, Appendix 

2). Note that the formulation for N and M in this study slightly differs from Yu and Standish 

(1991), who defined N and M very conservatively (see Fig. 5.5b). 

Sensitivity analysis 

The new cut-off size method requires only a limited amount of input data. Firstly, for each size 

fraction the initial porosity εi must be specified, but more importantly, the grain size distribution 

of the river bed is needed.  

The initial porosity, which represents the porosity of a mixture of uniformly sized grains, can 

in most cases be taken equal to 0.36 or 0.40, irrespective of the value of i. Natural sediments are 

usually in a state between dense and loose random packing, two states that are characterised by a 

porosity of respectively 0.36 and 0.40 (Scott, 1960). Recent, rapidly deposited sediments are 

Figure 5.6 Sensitivity of the predicted cut-off size (Dc,p) to the choice for the initial porosity (εi), for three 
sediment mixtures: unimodal gravel, unimodal sand, and bimodal gravel-sand (for the shape of the grain 
size distributions, see Fig. 5.8). 
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probably loosely packed, whereas older sediments are probably densely packed. The sensitivity of 

the predicted cut-off size to the chosen value for the initial porosity εi was evaluated by varying 

the porosity from 0.1 to 0.8 for three hypothetical grain size distributions (Fig. 5.6). This 

demonstrated that the cut-off size does not depend on the chosen initial porosity as long as 

realistic porosity values are chosen (i.e. between 0.3 and 0.5). 

The grain size distribution should ideally be specified continuously, with an infinite number 

of classes. The sensitivity of the predicted cut-off size to the number of classes of the grain size 

distribution was determined by varying the number of classes and the class-width of the grain size 

distribution. It appeared that the ‘body’ of the grain size distribution should consist of at least 

eight classes to obtain accurate cut-off sizes (Fig. 5.7). The exact width of the classes does not 

matter. For the fine tail of the distribution, however, the number of classes determines the 

uncertainty of the cut-off size. The cut-off size is always positioned at the border of two grain size 

classes in the fine tail of the distribution (Fig. 5.5), which implies that the accuracy of the 

predictions increases with decreasing class width. Fig. 5.7 shows that the class width in the fine 

tail should be at most 0.5 phi to obtain accurate predictions. 

 The sensitivity of the predicted cut-off size to the shape of the grain size distribution was 

determined by applying the new method to four hypothetical sediment mixtures (Fig. 5.8). The 

first mixture was a unimodal gravely sediment. For this mixture, it was predicted that all sand-

sized (and smaller) grains act as pore-filling load. The next two mixtures were formed by adding 

increasing amounts of sand to the previous mixture, resulting in bimodal sand-gravel mixtures 

(sand content respectively 12 and 49%). As long as the sand addition was small, the predicted cut-

off size remained unaltered. This is exactly as was expected, because small amounts of sand 

should easily fit in the pores of the gravel grains as pore-filling load. If the added amount of sand 

was large, the predicted cut-off size drastically reduced. Again, this was expected, because now the 

Figure 5.7 Sensitivity of the predicted cut-off size (Dc,p) to the discretisation of the grain size distribution, 
for (a) a unimodal gravely sediment and (b) a bimodal sand-gravel mixture. 
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pore volume of the gravel grains is too small to accommodate all the sand grains, causing a 

disturbance of the bed structure. The sand grains become part of the new bed structure. The pore 

size of the new mixture is much smaller than that of the original mixture, and therefore the cut-

off size is smaller. The final mixture consisted of unimodal sand. For this mixture nearly the same 

cut-off size was predicted as for the previous mixture, which again shows that changing the shape 

of the grain size distribution (and thus the median grain size) does not automatically lead to a 

change in cut-off size. 

The preceding paragraph illustrates that the new method can predict a cut-off size for 

bimodal sediment mixtures, but also for unimodal sediment mixtures. The physical meaning of a 

cut-off size in continuous, unimodal mixtures may be difficult to understand because these 

mixtures do not consist of two distinct groups of grains (fine and coarse) that can fit in each 

other’s pores. Fig. 5.8 however demonstrates that the predicted cut-off size for these mixtures is 

situated in the fine tail of the mixture, which implies that virtually all grains are part of the 

mixture skeleton, with only the very finest grains (~ 1% of the total mass of grains) present in the 

pores of the skeleton. This seems realistic. 

Verification: check on the calculated porosity 

As the cut-off size method is based on the porosity model of Yu and Standish (1991), the 

predicted cut-off sizes can only be correct if the porosities predicted by the model agree with 

measured porosities. Yu and Standish (1991) compared the predicted porosities to measured 

porosities of three-fraction mixtures. The relative error in the predicted porosities [=(predicted 

value-measured value)/measured value] was always less than 3%, which is a very good 

performance. Yu and Standish also compared the predicted porosities to porosity data of Sohn 

Figure 5.8 Sensitivity of the predicted cut-off size (Dc,p) to the shape of the grain size distribution. The four 
mixtures shown only differ in sand content (0, 12, 49 and 100%); the shape of the sand and gravel modes 
was held constant. Predicted porosity values are respectively 0.31, 0.22, 0.22 and 0.31. 
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and Mohrland (1968), who measured the porosity in natural sands with many size fractions. The 

relative errors of the predictions were less than 8%. 

In this chapter, the porosity calculations with the Yu-Standish model are additionally tested 

on data of Beard and Weyl (1973), who measured the porosity of submerged, artificially mixed 

sands. The predicted porosities match the data of Beard and Weyl (1973) well, except for sands 

with a standard deviation of about 2 (Fig. 5.9a). This may be due to a failure of the cut-off size 

method, but it should be noted that Beard and Weyl do not report in detail on the grain size 

distributions of the used sands, which precludes the correct application of the cut-off size method 

(see previous section). 

To test the performance of the Yu-Standish model for bimodal sediments, two artificial sand-

gravel samples (750-1000 g) were created from fluvial Rhine sediments (Fig. 5.9b). To ensure that 

the sample grain-structure resembled the structure of natural river beds (random close packing), 

the sample sediment was put in parts into a glass beaker, while the beaker was tapped. This 

procedure was preferred over taking an ‘undisturbed’ sediment sample from a river bed, because 

sampling coarse sediments always causes vibrations that disturb the original bed structure. The 

porosity of the sediment in the beaker was measured and compared to the porosity that is 

predicted with the Yu-Standish model (using an initial porosity of 0.40). The measured and 

calculated porosities closely match, with a relative error of only 17% (Fig. 5.9b), which 

demonstrates that the Yu-Standish model performs well for natural bimodal sediments. Note, 

however, that the model tends to underestimate the porosity of very wide mixtures slightly (right 

part Fig. 9a, Fig. 5.9b). 

The only difference between the porosity model of Yu and Standish (1991) and the method 

presented here is the definition of N and M (Fig. 5.5). It was tested whether the new definition of 

N and M strongly affects the predicted porosities. This appeared not to be the case: the relative 

change in porosity was limited to a few percent. To conclude, the porosities predicted with the 

cut-off size method are accurate, which suggests that the calculated cut-off sizes are also correct.  

Figure 5.9 Comparison of predicted and measured porosity for (a) sandy sediments (data from Beard and 
Weyl, 1973) and (b) bimodal sand-gravel sediments (this study). 
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Verification: check on the calculated cut-off size 

To verify the calculated cut-off sizes directly, the cut-off size was calculated for the two bimodal 

sediment samples of Fig. 5.9b. Then, all sediment smaller than the cut-off size (i.e. the pore-filling 

load) was removed from the samples; the new (bulk) sample volumes were compared to the 

sample volumes prior to the removal of the pore-filling load. For both samples, the pore-filling 

load removal hardly had an effect on the bulk sample volume (Fig. 5.10). For example, the first 

sediment sample contained 20 mass percent pore-filling load, but removal of the pore-filling load 

only reduced the sample volume by 2%. For comparison, if 20% of the finest bed-structure load 

grains are removed from the sample, the volume decreases by 11% (Fig. 5.10, upper panel). This is 

exactly as was expected: pore-filling grains are assumed to fill the pores of the large bed grains, 

and therefore should not contribute to changes in bed level (i.e. sample volume). Bed-structure 

load grains, on the other hand, are assumed part of the grain structure, and therefore should 

contribute to changes in bed level. The experimental method employed here is only applicable to 

sediment samples that contain a considerable (>10%) amount of pore-filling load, because of 

Figure 5.10 Verification of the calculated cut-off size (Dc,p) for 2 bimodal sediment samples. Shown is the 
reduction in sample volume due to removal of pore-filling load, and due to removal of (an equal mass of) 
bed-structure load. The values in the graph are averages of several analyses. The uncertainty is about 2%. 
For completeness, the measured porosity values are shown too. 
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measurement uncertainties. Therefore, it is impossible to check the cut-off sizes calculated for 

unimodal sediments, for these normally hardly contain pore-filling load (see Fig. 5.8). 

Nevertheless, the above findings suggest that the new cut-off size method predicts realistic cut-off 

sizes. A more thorough verification of the predicted cut-off sizes requires a large dataset of 

measured cut-off values, ideally for large volumes of naturally-sorted sediments, but generation of 

such a dataset was beyond the scope of this chapter. 

Verification: check on the underlying assumptions 

The main assumption of the new cut-off size method is that there is a strict division between grain 

size fractions that are part of the bed-structure load and grain size fractions that are part of the 

pore-filling load. In reality it is impossible to add fine grains to a river bed of coarse grains 

without disturbing the original bed structure, especially if the grains are vibrating or moving as in 

natural river bed sediments (Fig. 5.11). Some of the grains that are predicted to be pore-filling 

load thus in reality will contribute to the structure. Yu and Standish (1991), however, argue that 

this phenomenon is of minor importance, which is confirmed by the experiments described in 

Fig. 5.10. Removal of the pore-filling load from the sediment samples caused a drop in sample 

volume (bed level), but this drop was limited to a few percent. 

The second assumption is that all grains are spherical, a condition that is not fully met in 

natural sediment mixtures. Yu and Standish (1993), however, demonstrated that the equations 

given above are also applicable to mixtures of non-spherical grains, as long as the departure from 

a spherical shape is not too large. If the departure is large, the calculated cut-off sizes may not be 

correct. In practice, this means that the new cut-off size method is probably not applicable to 

extremely fine sediments, such as that of the Yellow River, where many of the grains have a platy 

shape. Using the concepts of Yu et al. (1996), however, it is possible to adapt the cut-off size 

method to non-spherical grains. 

Figure 5.11 Schematic representation of the morphologic effect of the pore-filling load (after Yu and 
Standish, 1991). 

Frings - From gravel to sand



 

 

 130 

The third assumption underlying the cut-off size method states that all grains are dry and 

non-deformable. The latter is realistic for natural sediments, but the former is not. However, fully 

water-saturated mixtures have the same porosity as dry mixtures (Zou et al., 2003) or only a 

slightly larger porosity (Beard and Weyl, 1973), indicating that also the cut-off size must be equal. 

The fourth assumption concerns the coefficients βhl, γhl, fij and gij. The values of these 

constitutive coefficients were determined from two-fraction mixtures and therefore they may not 

be entirely correct for multi-fraction mixtures. This cannot be checked, however, due to the lack 

of porosity experiments with multi-fraction mixtures. Nonetheless, the good correspondence of 

the measured and calculated porosities described above and in Yu and Standish (1991) suggests 

that the used values for βhl, γhl, fij and gij are realistic. 

The final assumption is that neither size sorting nor density sorting takes place in the 

sediment volume of interest. Sorting changes the structure of the river bed, causing the calculated 

cut-off size to deviate from the true cut-off size. Sorting processes that result in thin fine sediment 

layers are especially problematic, because thin fine sediment layers block the inter-pore canals and 

prevent the infiltration of pore-filling load into the river bed. Sorting processes that result in thin 

layers of coarse sediment (such as armouring) have a much smaller effect on the cut-off size, 

because they do not block the inter-pore canals. To prevent large errors in the calculated cut-off 

size due to sorting, one should carefully select the size of the sediment sample that is used as input 

for the new cut-off size method. The smaller the sample size, the smaller the effect of sorting on 

the cut-off size (but the larger the effect of measurement errors). Provided that the sample size is 

sufficiently small (the sample surface area in the order of 1-2 m2 and the depth in the order of 10 

cm), it is expected that sorting only marginally affects the calculated cut-off size. Note that a small 

sample size implies that the calculated cut-off size is only valid locally, and that the cut-off size 

can strongly vary within a river cross-section or river reach. In Section 5.6 several ways are 

described how to deal with this local variation in cut-off size. 

To summarise, the assumptions underlying the new cut-off size method are not fully met, but 

under realistic constraints, the new method is likely to produce a realistic estimate of the cut-off 

size. 

5.3 Application to the river Rhine 

Background 

The capability of the new method to predict a realistic, spatially varying cut-off size from a limited 

amount of input data makes it a useful tool for sediment transport studies, downstream fining 

research and river management. One of the rivers for which detailed information on the cut-off 

size is needed, is the river Rhine (Fig. 5.12).  

Despite extensive engineering works, the Rhine is not morphologically stable (Gölz, 1992): 

long reaches of the river are subject to continuous bed degradation or bed aggradation (Fig. 5.12). 
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These bed level changes are unwanted for navigation and bank-stability reasons. In order to 

predict future bed level changes from measured sediment transport rates, it must be known which 

part of the measured transport load contributes to bed-level changes (i.e. bed-structure load) and 

which part does not (pore-filling load). Therefore, the cut-off size between bed-structure load and 

pore-filling load must be accurately known. 

This case study focuses on the free-flowing part of the river Rhine between the barrage of 

Iffezheim and the Merwedekop bifurcation (km 335-961). In this river reach, there is a strong 

downstream change in bed grain size (Fig. 5.13a) with in general a fining trend, but a sudden 

coarsening between km 500 and 540. The fining is due to a combination of abrasion and selective 

transport processes (for a review see this thesis: Chapter 2), whereas the coarsening has a tectonic 

origin (Gölz, 1992). Around km 490, the Rhine flows through the Nierstein horst, which has been 

uplifted during the Quarternary (Fig. 5.12). Due to this uplift, the bed slope just downstream of 

the horst is larger than the bed slope upstream of the horst. Fine grains that are abundantly 

present in the river bed upstream of the horst are quickly washed away from the bed downstream 

Figure 5.12 Longitudinal profile of the river Rhine indicating the main tributaries, the locations of the 
artificial sediment regulation, the Quarternary tectonic setting and the areas of bed erosion (“E”) and bed 
aggradation (‘A’) (after: Gölz, 1992 and Ten Brinke, 2005). 
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Figure 5.13 Downstream change in bed sediment characteristics in the river Rhine: (a) average grain 
diameter (‘geometric mean’), (b) gravel content and mixture bimodality (30 km averages), (c) predicted 
cut-off size between pore-filling load and bed-structure load (Dc,p), (d) predicted pore-filling load content 
of the river bed, (e) predicted bed porosity, (f) relationship between predicted cut-off size and average 
sediment diameter. Values between km 320 and km 865 were calculated from grain size distributions 
kindly made available by the Federal Institute of Hydrology (Koblenz, Germany); the other values were 
calculated from the distributions given by Ten Brinke (1997), Gruijters et al. (2001) and Frings (2005b). 
Mixture bimodality was expressed as B = ½ min(XG, XS)/(1–XG –XS), with XG the fraction content of gravel 
grains > 4 mm, and XS the fraction content of sand grains < 1 mm. The envelope in Fig. (c) was drawn as 
30-km average. 
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of the horst, leaving the coarse grains behind and causing a sudden coarsening of the river bed. 

The downstream change in bed grain size in the river Rhine is expected to evoke a 

downstream variation in cut-off size (cf. Fig. 5.8). The objective of this case study was to 

determine how the cut-off size changes downstream, and whether it covaries with the average 

grain size of the river bed. To do so, the new cut-off size method was applied to in total 1581 bulk 

grain-size distributions, partly provided by the Federal Institute of Hydrology (Germany) and 

partly obtained from Ten Brinke (1997), Gruijters et al. (2001), and Frings (2005b). The grain size 

distributions were measured during the years 1982-2000, between 0 and 20 cm below the river 

bed, at 422 locations along the river and at (on average) 3.7 positions over the river width. The 

grain size distributions cover the armour sediment (if present) and a part of the subsurface 

sediments. For the measurements, nine different sieve sets were used, with varying mesh 

diameters. The minimum mesh diameter was 0.02 or 0.063 mm. To make the dataset 

homogeneous, the measured grain size distributions were log-linearly interpolated onto an 

imaginary sieve set consisting of 100 classes, with average width of 0.14 phi. This meets the 

requirements described in the previous sections. All porosity calculations were done with an 

initial porosity (εi) of 0.40. 

Results  

Most (99%) of the calculated cut-off sizes vary between 0.03 mm and 4.2 mm, with a geometric 

mean of 0.45 mm (Fig. 5.13c). By taking the 10-kilometre geometric average, it becomes clear that 

Figure 5.13 (continued). 

Frings - From gravel to sand



 

 

 134 

there is a strong downstream variation in predicted cut-off size that co-varies with the 

downstream change in bed grain size (Fig. 5.13a,c). The scatter in Fig. 5.13c is due to lateral 

variation in bed sediment composition (see Section 5.6). Such small-scale variations in bed 

composition especially affect the predicted cut-off size in the central (bimodal) river reach, where 

small changes in the grain-size distribution cause the predicted cut-off size to flip from quite high 

to very low (see Fig. 5.8). From Fig. 5.13c it follows that the 10-kilometre average of the predicted 

cut-off size is equal to about 0.08 times the geometrically averaged bed grain-size (see also Fig. 

5.13f). On a local scale, however, there is no constant relationship between the predicted cut-off 

size and bed grain size at all (Fig. 5.13f). 

The river bed of the Rhine consist on average of 4.9% pore-filling grains, but the pore-filling 

load content systematically varies in a downstream direction (Fig. 5.13d). There appears to be no 

direct correlation between the predicted cut-off size and the predicted pore-filling load content of 

the river bed (Fig. 5.14). Nonetheless, there are three clusters of data points visible in Fig. 5.14. 

The first cluster contains the unimodal gravel mixtures from around km 350 which have a 

relatively high cut-off size and a small pore-filling percentage (compare Fig. 5.13a-d), which 

implies that the pores in the river bed are large but empty. The second cluster contains the 

unimodal sand mixtures from around km 900, which have a small cut-off size and a small pore-

filling load percentage (small, empty pores). The third (and largest) cluster contains the bimodal 

sand-gravel mixtures. These have a variable cut-off size and a high pore-filling load percentage 

(pores of varying size, partly filled). 

The predicted porosity of the river bed is relatively high (> 0.30) at the upstream end of the 

study reach (Fig. 5.13e), where the river bed consists of nearly uniform gravel (Fig. 5.13b). More 

downstream, where the river bed consists of a bimodal sand-gravel mixture, the predicted 

porosity generally is much smaller (about 0.20). At the downstream end of the study reach, where 

Figure 5.14 Correlation between predicted cut-off size (Dc,p), predicted pore-filling load content of the river 
bed and predicted bed porosity in the river Rhine. All values are 10-km averages. S = unimodal sand, G = 
unimodal gravel, B = bimodal sand-gravel mixture. 
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the river bed consists of unimodal sand, the predicted porosity strongly increases to over 0.35. 

There is a weak correlation between the predicted bed porosity and the predicted percentage 

pore-filling load in the bed (Fig. 5.14). Differentiation between unimodal gravel, unimodal sand 

and bimodal sand-gravel beds did not produce a stronger correlation (this is because bimodal 

beds can have porosities anywhere between 0.1 and 0.4, see Fig. 5.13e). 

The grain size composition of the bed-load is known in detail for 37 study sites along the 

Rhine (dataset Federal Institute of Hydrology, Germany). For each site an average bed-load grain 

size composition was calculated (averaged over all flow conditions). By comparing these grain size 

data with the calculated cut-off sizes, the proportion of the bed-load transport that consists of 

pore-filling load was estimated (Fig. 5.15). The estimated proportion is very low (only a few 

percent) in the unimodal parts of the river Rhine, but much higher in the bimodal (central) part 

of the river Rhine. Between km 510-650, the estimated pore-filling load proportion in the bed-

load is greatest (up to 68%). This part of the Rhine is known to have an armoured gravel bed 

(Gölz, 1992), with sand dunes moving over it (Carling et al., 2000a,b). It is reasonable that a part 

of the transported sand grains are so small that they can percolate through the pores of the 

armour layer (and also be washed out by turbulence after the passage of the dune, while the 

armour itself is still stable) and thus must be considered to be pore-filling load.  

For the area between Mainz and Oberlahnstein (km 498-584), the grain size distribution of 

the suspended sand (0.063-2 mm) is known from measurements in 1978 and 2002. This allows 

calculation of that part of the suspended sand transport that consists of pore-filling load. Doing 

so, it appears that during 1-year flood conditions (Q = 3300 m3s-1) 70-100% of the suspended sand 

transport consists of pore-filling load (not shown).  

5.4 Comparison to the Paola-Parker method 

A literature review was done in order to find alternative methods that can discriminate between 

pore-filling load and bed-structure load. Only one method was found: the method of Paola and 

Parker (2000) that was already cited in the Introduction. This method is described in detail on the 

website of Parker and consists of two parts. The first part is a method to calculate the grain size 

distribution of the river bed if this distribution is not known from field measurements. The 

second part is the actual cut-off size method. (Note that Paola and Parker use a different 

terminology as is used here). Mathematically, the criterion is written as:  
 

,
( )i for D D cpi c p

X αε
<

=∑  (5.4) 

 

with Xi the fraction content of grains of size i in the river bed (-), εcp the porosity (-) of the bed 

grains coarser than Dc,p and α a constant (-) that accounts for the fact that the fine material stored 

into the pores of the coarser material has its own pore space as well. To solve Eq. 5.4, first an 

initial value for Dc,p is estimated, which is used to calculate the standard deviation (σ) of the grains 
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coarser than Dc,p and the associated porosity εcp  (εcp ~ 0.014σ2 – 0.096 σ + 0.434). If ΣXi equals αεcp , 

the estimated value of Dc,p is correct. Otherwise, iterations are done until ΣXi equals αεcp.  

The Paola-Parker method is based on a realistic representation of the river bed, but the 

porosity calculation is a little simplistic. It is based on the porosity experiments of Beard and Weyl 

(1973) (Fig. 5.9b) and therefore it is only valid for (unimodal) sand-bed rivers, as opposed to the 

porosity calculation in the new method, which is also valid for (bimodal) gravel-bed rivers. 

Furthermore, the choice for the constant α is rather subjective. Paola and Parker (2000) suggested 

α=0.05, but no justification was given.  

Application of the Paola-Parker method to the river Rhine results in a similar downstream 

change in cut-off size as the new method predicts, but the range of variation in cut-off size 

predicted by the Paola-Parker method is much less (Fig. 5.16). In the upstream and downstream 

part of the study reach, the Paola-Parker method predicts a larger cut-off size than the new 

method, but in the central part it predicts a smaller cut-off size by more than a factor of two. 

5.5 The wash-load cut-off size 

Until sofar, this study focused on the cut-off size between bed-structure load and pore-filling load 

(Dc,p). In the classification of Fig. 5.2, however, another cut-off size occurs: the cut-off size 

between bed-material load and wash-load (Dc,w). This cut-off size is theoretically finer than Dc,p. 

The following sections investigate the differences between the two types of cut-off size for the 

river Rhine. To do so, estimates of Dc,p (calculated with the new method and the Paola-Parker 

method) are compared to estimates of Dc,w (calculated with the Wang-Dittrich method, the Parker 

method and with rules of thumb). The methods to estimate Dc,w are first shortly described. 

Figure 5.15 Proportion of the bed-load in the river Rhine that consists of pore-filling load. 
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Wang-Dittrich method 

Wang and Dittrich (1992) used the general diffusion equation for suspended sediment in 2D, 

uniform, stationary flow to calculate after what distance of transport the vertical concentration 

profile becomes adapted to the local river bed. They found that the adaptation distance increased 

with the Rouse number Z, which is defined as Z = ws/(βκu*), with ws the settling velocity (m s-1), β 

the ratio between the diffusivity of sediment and water (ca 1-2), κ the Von Kármán constant (0.4) 

and u* the shear velocity (m s-1). For small Rouse numbers, the concentration profile did not 

adapt to the local river bed at all, which implies that the suspended load transport is mainly 

governed by the upstream supply. In accordance with the wash-load definition, which states that 

wash-load is the fine portion of the sediment load for which transport rate is governed by 

upstream supply (see Section 5.1), the boundary between wash-load and bed-material load thus 

was laid at a critical Rouse number Zcr. Wang and Dittrich (1992) suggested (somewhat 

arbitrarily) Zcr=0.06. 

The procedure to calculate the wash-load cut-off size (Dc,w) is as follows. If the shear velocity 

u* is known from measurements and Zcr is specified, the settling velocity associated to the cut-off 

size can be determined as ws = Zcrβκu*. By adopting a constitutive relation for the settling velocity 

ws (e.g. Soulsby, 1997), one can solve for the cut-off size. Note that the dependence of this 

procedure on u* implies that the cut-off size changes in time with changing flow conditions. An 

alternative procedure is to fit the Rouse-function (Rouse, 1939) to measured concentration 

profiles in order to obtain an experimental value of Z for each grain size fraction. The grain size 

fractions for which Z ≤ Zcr are part of the wash-load, and the cut-off size thus can be determined 

by interpolation between the two size fractions with Z-values just larger and just smaller than Zcr. 

The latter procedure probably is the most accurate, but requires detailed information on the grain 

size distribution of suspended sediment.  

Parker method 

The method developed by Parker (2000) was derived as follows. To satisfy sediment continuity 
near the river bed, the rate of deposition onto the bed should equal the rate of entrainment into 

suspension, provided that the flow is not too far from equilibrium, thus: cbiwsi = Xi(Eiwsi), with: cbi -
the volumetric concentration of suspended grains of size i near the river bed (-), wsi the settling 

velocity of grains of size i (m s-1), Xi the fraction content of grains of size i in the bed (-) and (Eiwsi) 

the upward flux of grains of size i (m s-1). Ei represents the normalised dimensionless entrainment 

rate (-). If the Garcia-Parker (1991) relation is adopted for Ei: 
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it follows that:  
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with a a constant (1.3 10-7), Ti a mobility parameter (-), σ the arithmetic standard deviation of the 

bed material (on the phi scale), Repi the Reynolds particle number (-) for size fraction i (= 

√[Rg]Di
1.5ν-1), u* ’ the shear velocity due to skin friction (m s-1), Di the representative diameter of 

size fraction i (m), D50 the median grain size of the river bed (m), R the relative submerged 

sediment density (~1.65), g the gravitational acceleration (m s-2) and ν the kinematic viscosity of 

water (10-6 m2s-1 at 200 C). θ’ is the Shields shear stress related to skin friction [=(u*’)2(RgD50)-1] 

and Rfi the dimensionless settling velocity for grain size fraction i (-).  

To calculate the settling velocity of the wash-load grains (Rfi) with Eq. 5.6, the following 

approximations are made. First, all wash-load grains are treated as a single grain size fraction, 

with content Xw in the river bed (thus Xi = Xw). Next, it is assumed that the representative grain 

size of the wash-load fraction is given by the wash-load cut-off size (thus Di = Dc,w), which also 

means that the particle Reynolds number of the wash-load fraction equals that of the cut-off size 

(Repi = Repc). Two wash-load criteria are applied: (a) wash-load is uniformly distributed over the 

water depth; and (b) wash-load is present in the river bed only in negligible quantities (Xw =0.01 

or 0.001). The first criterion is equivalent to the Wang-Dittrich method. Mathematically, it allows 

cbi  in Eq. 5.6 to be replaced with cw, the depth-averaged wash-load concentration (-). The second 

criterion is based on the reasoning that wash-load grains are quickly ‘washed’ down the river 

(because the supply of wash-load is by definition less than the transport capacity of the flow, Fig. 

5.1) and therefore should be present in the river bed in negligible amounts (let’s say: less than 

1%). Eq. 5.6 now becomes: 
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Now, the wash-load cut-off size can be determined iteratively if the following input 

parameters are specified: D50, σ, θ’ and ci (the concentration suspended sediment of each grain size 

fraction i). First, an initial cut-off size (Dc,w) is estimated and the concentration (cw) of suspended 

grains smaller than Dc,w is determined. Then the settling velocity of the wash-load grains Rfc is 
calculated twice: once with Eq. 5.7 and once with a semi-empirical relation from literature (e.g. 

Dietrich, 1982; Soulsby, 1997). In order for the estimated value of Dc,w to be the correct one, the 

calculated values of Rfc should be equal.  

The Parker method allows the calculation of the cut-off size if the river bed composition is not 

known in detail (only D50 and σ have to be estimated). If the entire grain size distribution of the 

river bed is known, application of the Parker method is not sensible, because then it is much 
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easier to read the cut-off size directly from the bed grain size distribution at the selected value of 

Xw. Parker, somewhat arbitrarily, set Xw equal to values between 0.001 and 0.01. In theory, it is 

possible to choose a larger value for Xw (e.g. 0.1), but then the assumption that wash-load is 

uniformly distributed over the water depth is no longer valid. The Parker method predicts a 

change in cut-off size with changing flow conditions, due to the dependence on θ’. 

Rules-of thumb 

The simplest way to calculate the wash-load cut-off size (Dc,w) is setting Dc,w equal to 0.06 mm. 

This rule of thumb originates from flume experiments by Einstein and Chien (1953), who found 

that the transport rate of grains smaller than 0.06 mm strongly reacted to changes in sediment 

supply, whereas the transport rate of grains larger than 0.1 mm did not. The size 0.06 mm was 

adopted as cut-off size, in accordance with the wash-load definition. The value 0.06 has become a 

very popular cut-off size value in river engineering, probably because it is also the border between 

sand and silt, but strictly it is only valid for the experimental conditions of Einstein and Chien 

(1953). Other flow or sedimentological conditions give another value for the cut-off size (Einstein 

et al., 1940; Shen, 1971). 

Another rule of thumb is setting the cut-off size equal to the D1 or the D0.5  of the bed material 

(e.g. see Parker, 2000). This rule is based on the reasoning that wash-load grains are quickly 

‘washed’ down the river and are present in the river bed in negligible amounts (let’s say: less than 

1%). Note that this method is inaccurate when using the standard sieve analysis. Instead of setting 

the cut-off size equal to the D1 of the river bed, also larger percentiles have been proposed, for 

instance setting the cut-off size equal to the D10 of the river bed, which implies that 10 percent of 

the river bed consists of wash-load grains. This rule was proposed by Einstein (1950, in: 

Partheniades, 1977). The 10 percent value was rather arbitrarily chosen, but is in loose agreement 

Figure 5.16 Comparison of the cut-off size between pore-filling load and bed-structure load (calculated with 
the new method and the Paola-Parker method) to the cut-off size between wash-load and bed-material load 
(calculated with rules of thumb) for the river Rhine. Only 10-km averages of the calculated cut-off sizes are 
shown. 
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with the aforementioned flume and field studies (Einstein and Chien, 1953; Einstein et al., 1940), 

in which the river bed was found never to consist for more than respectively 5% and 7% of wash-

load grains. Note that the rule of thumb Dc,w = D10 is in contrast with the often made postulation 

that wash-load is always in suspension and therefore occurs in the river bed only in negligible 

amounts. 

Calculation of the wash-load cut-off size 

The Wang-Dittrich method and the Parker method require detailed information on the grain size 

distribution of suspended sediment and therefore could only be applied to the part of the river 

Rhine between Mainz and Oberlahnstein (km 498-584). For the Parker method Xw was set equal 

to 0.005 and θ’ was approximated by θ (the total Shields value) and determined from measured 

velocity profiles. Both methods predict a nearly constant cut-off size (Dc,w) in the study reach, with 

an average value of about 0.06 mm (Fig. 5.17). The cut-off size (Dc,w) is slightly dependent on the 

flow conditions. Application of the rules of thumb to the river Rhine reveals that the ‘Dc,w = 0.06 

mm’ rule gives similar results as the methods of Wang-Dittrich and Parker (Fig. 5.17). The rule of 

thumb ‘Dc,w = D1’, and especially the rule of thumb ‘Dc,w = D10’ predict a much higher value of Dc,w 

than the previous methods (Fig. 5.16, 5.17).  

Comparison of Dc,p and Dc,w 

In Figure 5.16 and 5.17, the physically-based estimates of the cut-off size between wash-load and 

bed-material load (Dc,w), as determined in the previous section (Wang-Dittrich method, Parker 

method) are compared to the earlier calculated estimates of the cut-off size between pore-filling 

Figure 5.17 Comparison of the cut-off size between pore-filling load and bed-structure load (calculated with 
the new method) to the cut-off size between wash-load and bed-material load (calculated with the Wang-
Dittrich method, the Parker method and the rule of thumb Dc=0.06 mm) for the river Rhine: (a) one-yearly 
flood conditions; (b) yearly-average discharge conditions. Closed symbols refer to measurements done in 
May 2002. Open symbols refer to measurements from 1978. 
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load and bed-structure load (Dc,p) (new method, Paola-Parker method). Dc,p values for the Rhine 

are generally in the order of 100 mm, whereas Dc,w values are in the order of 10-1 mm (Table 5.1). 

Dc,w thus typically is much smaller than Dc,p, which is in accordance with theory (see Fig. 5.2). 

Another difference between Dc,p and Dc,w is that Dc,p values are dependent on the bed composition 

and independent of the flow characteristics, whereas Dc,w values are dependent on the flow 

characteristics but hardly dependent on the bed composition (Table 5.1). This shows that the two 

cut-off size types are fundamentally different, complementary, and should not be used 

interchangeably.  

For predictions of the total sediment transport in a river (including suspended fines that do 

not interact with the bed), it must be known which part of the transport is governed by the 

transport capacity of the flow, and which part by the upstream supply, because for both parts 

different transport predictors must be used. This means that Dc,w must be estimated with one of 

the Dc,w-predictors. Dc,p-predictors are likely to over predict the amount of supply-limited 

transport, resulting in erroneous estimates of the total transport. For morphological predictions, 

such as predictions of future bed-level changes, Dc,p must be known. It can be predicted with the 

Paola-Parker method or the new method, the latter being more sophisticated and better verified. 

Dc,w-predictors are likely to over predict the amount of morphological change, because they 

overestimate the percentage of sediment transport that contributes to morphological change.  

Rules-of-thumb to predict Dc,p or Dc,w can be very helpful in some situations, but are not 

generally valid. For instance Dc,p  in the Rhine can be taken equal to 0.08 times the average bed 

grain-size (Fig. 5.13f), but this rule is certainly not valid at a local scale (Fig. 5.13f). Dc,w in the 

Rhine can be approximated by the ‘Dc,w = 0.06 mm’ rule, which produces results which are in 

accordance with the physically-based methods of Wang-Dittrich and Parker. The ‘Dc,w = D10’ and 

the ‘Dc,w = D1’ rules, however, produce much higher estimates of the cut-off size. The predicted 

Dc,w is sometimes even higher than the predicted Dc,p , which is theoretically not possible.   

Table 5.1 Basic characteristics of cut-off size methods. 
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5.6 Dealing with variation in cut-off size 

In the preceding sections it was seen that both Dc,p  and Dc,w change spatially or temporally in a 

river (Fig. 5.16, 5.17). In this section the causes of the spatial and temporal variation are discussed, 

as well as the implications of this variation for morphological (modelling) studies.  

Spatial and temporal variation in cut-off size 

Spatial variation in Dc,p occurs in reaction to spatial changes in bed composition, whereas spatial 

variation in Dc,w occurs in reaction to spatial changes in flow conditions (Table 5.1). Spatial 

variation takes place at several scales, the largest of which is the scale of the entire river. On this 

scale the flow strength and bed grain size typically become finer in downstream direction 

(downstream fining). As a result Dc,p  and Dc,w also decrease downstream (Fig. 5.16). On a more 

local scale, spatial variation in cut-off size is mainly due to bend sorting and bend flow. The bed 

grain size and flow strength typically decrease towards the inner bend, causing also Dc,p  and Dc,w 

to decrease towards the inner bend (Fig. 5.18). On the scale of a dune, the bed grain size and flow 

strength vary between dune crest and dune trough, causing small-scale variation in cut-off size. 

Dc,p and Dc,w do not only vary spatially, but also temporally. Dc,w is dependent on the flow 

conditions (Table 5.1), and because these quickly change over time, Dc,w is also highly variable, 

something which was already acknowledged by Shen (1971). Dc,p  on the other hand, is mainly 

dependent on the bed composition, which is relatively constant over time. Therefore Dc,p  is also 

relatively constant over time. Nevertheless, temporal changes in bed composition with related 

changes in Dc,p  certainly do occur, for instance in case of a bank collapse that introduces large 

amounts of fine grains onto the river bed. Though the grains may be fine enough to fit into the 

pores of the river bed, the pore space may be not large enough to accommodate all the fines. The 

pores then overflow and the fine grains, that used to be pore-filling load, become part of the bed 

Figure 5.18 Lateral variation in cut-off size between pore-filling load and bed-structure load at Rhine-
kilometre 865.7, according to the new method. 
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structure. As a result, the pores of the bed structure become smaller and the associated value of 

Dc,p  decreases. Eventually, when the fines (which often are more mobile) have moved downstream 

(e.g. in the form of a sand wave), the river bed at the site of the bank collapse becomes coarser 

again and Dc,p  increases. It may be clear that bimodal gravel-bed reaches with partially filled pores 

are more sensitive to such sudden inputs of fine sediment than unimodal gravel-bed reaches with 

empty pores.  

Averaging the cut-off size  

The existence of small-scale spatial variability in Dc,p  complicates morphological predictions in a 

river. Suppose that one wants to predict the average bed level change in a river reach from 

measured transport rates at the upstream and downstream boundaries of the reach. To do so, one 
needs to know which part of the measured transport load contributes to bed-level changes and 

which part does not. In other words: a representative value of Dc,p for the entire river reach is 

needed. It is not clear how such a representative value should be obtained. The most simple 

option is to use the reach-averaged grain size distribution as input for the Dc,p calculation. 

However, this implicitly assumes a bed structure that does not exist anywhere in the river, and 

probably results in an unrealistic value of Dc,p. A better option would be to average all the 

individual Dc,p values in the reach to obtain a reach-averaged cut-off size. If one wants to be sure 

that sediment finer than Dc,p does not contribute to morphological change anywhere in the reach 

one could use the Dc,p -value corresponding to the finest location in the river reach as overall cut-

off size for the reach. This procedure, however, is very sensitive to outliers: a local spot of very fine 
sediment determines the cut-off size for the entire reach. To avoid this problem, one could 

consider the 10% smallest Dc,p -values in the reach as outliers, and select the finest of the 
remaining values as overall cut-off size (This has for instance been done in Fig. 5.15). This 

method ensures that grains smaller than the cut-off size do not contribute to morphological 
change in 90% of the river reach. 

Implications for morphological models 

The fact that Dc,p -values changes spatially and temporally, is something to be aware of when using 

morphological models. Most morphological models for gravel-bed rivers calculate the sediment 

transport for each grain size fraction separately. To save computation time, the models use a cut-

off size to get rid of grain size fractions that do not contribute to morphological change. Typically, 

the cut-off size is assumed constant throughout the river. Though using a spatially constant cut-

off size is computationally attractive, this is likely to cause an overestimation of the amount of 

morphological change in some parts of the river and an underestimation of the morphological 

change in other parts of the river. The prediction of morphological change can be improved by 

using a spatially variable cut-off size. The cut-off size then can be used to determine for each grid 
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cell in the model which grain size fractions contribute to morphological change, and which do 

not. Grain size fractions smaller than the cut-off size should not be omitted in further 

calculations, because a grain size fraction that does not contribute to morphological change 

locally, can still contribute to morphological change further downstream in the river (for instance 

in an inner bend or on a dune crest). In other words: all grain size fractions must be routed down 

the river, but for the calculation of the bed level change at a certain location, only grain size 

fractions larger than the local cut-off size should be used.  

Instead of using a spatially variable cut-off size in morphological models, it is perhaps better 

to use a spatially variable bed porosity. In multi-fraction morphological models, the grain size 

distribution of the river bed is known for each grid cell separately, and this information is enough 

to predict the local bed porosity with the porosity model described in this chapter. If a part of the 

sediment in a grid cell only occupies the pore space of the larger bed grains, this automatically 

leads to a smaller bed porosity (Fig. 5.14) and consequently to a smaller morphological change. 

The improvement of morphological predictions by using a spatially variable bed porosity, can 

easily be demonstrated with Fig. 5.13e. Morphological models of the Rhine often use a standard 

porosity of 0.40. In the central part of the Rhine, however, the calculated bed porosity is only half 

this value, which implies that the true bed level change is 25% smaller than would be predicted 

with a porosity of 0.40.  

If morphological models are used to predict morphological changes on short spatial and 

temporal scales, there is no need to use a spatially variable cut-off size or bed porosity. One can 

determine a representative cut-off size value for the study reach, and use only the grain size 

fractions larger than the cut-off size for the calculation of bed level changes. Alternatively, one can 

calculate an average bed porosity for the study reach, instead of using a standard porosity of 0.40. 

5.7 Sedimentological applications  

Apart from the morphological applications, the new cut-off size method can also be very useful in 

sedimentological research. A common sedimentary feature in rivers is the downstream fining of 

bed deposits. It is not only the median grain size that changes in downstream direction: the entire 

bed structure changes. The method presented in this study provides an easy way to analyse how 

the bed structure passes from a clast-supported uniform gravel bed, to a clast-supported sand-

gravel bed (with the sand grains predominantly present in the pores of the gravel grains), and 

further into a matrix-supported sand-gravel bed (with the sand grains making up the bed 

structure) and a matrix-supported uniform sand bed (for instance see Section 5.3; also see Fig. 

5.8). The possibility to determine (solely from the grain-size distribution) whether a sediment 

mixture is clast-supported or matrix-supported may have several additional applications. It may, 

for instance, help to improve the prediction of sediment entrainment thresholds in rivers (e.g. 

Wilcock, 1998) and the prediction of the hydraulic conductivity of sedimentary deposits. 
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5.8 Conclusions 

In this study a new method was proposed to discriminate between pore-filling load and bed-

structure load. The method uses an adapted version of the porosity model of Yu and Standish 

(1991) to evaluate the pore structure of the river bed. The main assumption of the method is that 

the finest fraction of the bed sediment can be removed from the river bed without disturbing the 

original bed structure. Experiments show that this assumption is approximately correct. The 

method only requires detailed grain-size distributions of the bed sediment as input. These should 

be derived from relatively small bed-sediment samples in order to minimise the effects of sorting 

within the samples. A preliminary verification of the calculated porosity and cut-off size values 

against experimental data shows that the method performs well for various sediment mixtures. 

Only the porosity of very wide mixtures is slightly underestimated. A more thorough verification 

of the predicted cut-off sizes requires a dataset of measured cut-off size values, which is not yet 

available and the generation of which was beyond the scope of this chapter.  

Application of the new cut-off size method to the river Rhine shows that the predicted cut-off 

size decreases in downstream direction from about 2 to 0.05 mm, in reaction to the downstream 

fining in bed grain size. Grain size fractions that are pore-filling load in the upstream part of the 

river thus gradually become bed-structure load in the downstream part of the river. The estimated 

(mass) percentage of pore-filling load in the river bed ranges from zero in areas with a unimodal 

river bed, to about 22 in areas with a bimodal sand-gravel bed. There is no direct relationship 

between the estimated cut-off size and the bed grain size on a local scale, but averaged over 10-

kilometre reaches, the estimated cut-off size appears to be approximately 0.08 times the average 

bed grain-size. 

The predicted cut-off size between pore-filling load and bed-structure load (Dc,p) is 

fundamentally different from the cut-off size between wash-load and bed-material load (Dc,w). Dc,w 

values are relatively low (in the order of 10-1 m) and mainly dependent of the flow characteristics, 

whereas Dc,p values are generally much larger (about 100 m in gravel-bed rivers) and dependent of 

the bed composition. Knowledge of Dc,w is important for the prediction of the total sediment 

transport in a river (including suspended fines that do not interact with the bed), whereas 

knowledge of Dc,p helps to improve morphological predictions, especially if spatial variations in 

Dc,p are taken into account. An alternative to using a spatially variable value of Dc,p in 

morphological models, is to use a spatially variable bed porosity. 

In addition to the morphological benefits, the new method to determine Dc,p also has 

sedimentological applications. The possibility to quickly determine whether a sediment mixture is 

clast-supported or matrix-supported may help to better understand downstream fining trends, 

sediment entrainment thresholds and variations in hydraulic conductivity. 
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Abstract 

Gravel-bed rivers often change abruptly into a sand-bed river. The causes of such so-called gravel-

sand transitions have been elucidated in recent years, but field support for the proposed 

explanations is scarce. The present study analyses the sedimentary characteristics of the gravel-

sand transition in the river Rhine, using data of bed composition, flow and sediment transport, in 

combination with a theoretical model for the prediction of bed structure. The results indicate that 

the bed structure of the Rhine quickly changes from clast-supported to matrix-supported in the 

gravel-sand transition zone, in accordance with existing hypotheses. The change in bed structure 

is found to have a significant effect on bed porosity, which may affect bed slope. The mobility of 

gravel in the gravel-sand transition zone is strongly reduced by bend sorting. Dune sorting has a 

similar effect, but is partly counteracted by armouring processes that affect an uncommonly thick 

sediment layer. The length of the gravel-sand transition is found to be significantly greater for 

large rivers than for small rivers, which may be due to the presence of dunes in large rivers and 

the greater lithological variation of their river basin. 

6.1 Introduction 

River bed sediments generally become finer in the downstream direction. One of the most evident 

expressions of downstream fining is the gravel-sand transition (GST): the rapid change from a 

gravel-bed channel to a sand-bed channel (e.g. Yatsu, 1955; Knighton, 1980; Shaw and Kellerhals, 

1982; Ichim and Radoane, 1990; Sambrook Smith and Ferguson, 1995). The transition marks a 

fundamental boundary between two river types with different sediment transport mechanisms, 

channel morphology and slope (e.g. Howard, 1980; Dade and Friend, 1998). 

GSTs can be externally forced by a backwater or a tectonically induced slope reduction. 

Sudden lateral inputs of sand, for instance at tributaries or through mining activities, can also 

induce a GST (e.g. Sambrook Smith and Ferguson, 1995; Knighton, 1999a). The omnipresence 

and abruptness of GSTs, however, suggest an additional intrinsic mechanism. One explanation is 

the disintegration of gravel grains into individual sand grains during weathering or transport, 

6 
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causing a paucity of sediment in the fine gravel range (Yatsu, 1955; Sambrook Smith, 1996). 

However, abrupt GSTs are not restricted to particular lithologies and occur over distances too 

short for abrasion to have a significant effect. 

 Wilcock (1998) ascribed the GST to a sudden increase in sand mobility caused by a change in 

bed structure from a clast-supported to a matrix-supported river bed. This occurs when the sand 

content in the river bed becomes so large that the pores between the gravel grains cannot 

accommodate the sand anymore. The sand then becomes part of the bed framework. This causes 

a decrease in critical shear stress (τc) for both the sand (which is no longer hidden in the pores) 

and the gravel (which no longer forms an interlocking framework). Because the τc decrease is 

larger for sand, the relative mobility of the sand increases, causing a separation of gravel and sand, 

inducing the abrupt GST (also see Gasparini et al., 1999; Ferguson, 2003a). A second effect of the 

decrease in τc for both sand and gravel is that the same amount of bed material can be transported 

with a lower energy gradient. The river therefore will adapt to a GST by reducing its slope. This 

decreases the bed shear stress, which contributes to the abruptness of the GST because (1) it 

makes differences in critical shear stress between gravel and sand relatively more important, and 

(2) it leads to deposition of coarse suspended sand (see Iseya and Ikeda, 1987; Sambrook Smith 

and Ferguson, 1996; Ferguson et al., 1998).  

An alternative explanation for the abruptness of the GST is the co-existence of sand patches 

and gravel patches on the river bed in the GST zone (e.g. Sambrook Smith and Ferguson, 1996). 

Such patchiness results in an increased mobility of sand (because τc is smaller for sand patches 

than for gravel patches) and leads to a streamwise separation of gravel and sand (e.g. Paola and 

Seal, 1995; Toro-Escobar et al., 2000). The decreased τc for sand patches also induces a similar 

feedback with respect to sediment transport and channel slope as described in the previous 

paragraph, further enhancing the abruptness of the GST.   

Recently, it was proposed that the mobility of sand and gravel in GST zones is not only 

determined by the bed structure (clast-supported or matrix-supported) and by small-scale 

patchiness phenomena, but also by larger-scale sorting processes such as bend sorting and dune 

sorting (this thesis: Chapter 2). These processes may significantly contribute to the greater 

mobility of sand in GST because they concentrate gravel grains in outer bends or deep bed layers, 

which are often immobile. In addition to the other sorting processes, also armouring may affect 

the sediment mobility in GST zones.  

Despite the considerable progress made in explaining GSTs in recent years, detailed field 

observations of the sedimentary characteristics of GSTs, which can support the hypotheses given 

above, are scarce. The objectives of the present study were: (1) to determine how the bed structure 

of a large river changes in downstream direction within the GST zone, and (2) to determine the 

effects of bend sorting, dune sorting and armouring on the mobility of sand and gravel in GST 

zones. 
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6.2 Study area 

The focus of this study is on the river Rhine between the city of Cologne (Germany, river-km 690) 

and the village of Gorinchem (The Netherlands, around river-km 960) (see Fig. 1.2; 5.12). Mean 

discharge is about 2200 m3/s near the German-Dutch border and channel width varies between 

250 and 400 m. The GST occurs between river km 845 and 875 and involves a decrease in median 

grain size from 13 to 1.6 mm (Fig. 6.1a). The location of the GST in the Rhine coincides with the 

boundary between the uplifting Lower-Rhine Embayment and the subsiding North Sea Basin and 

geological corings in Holocene Rhine deposits suggest that this has been the situation for already 

9000y (G. Erkens, Utrecht University, personal communication). This suggests that the location 

of the GST in the Rhine is tectonically forced.  

Within the GST of the river Rhine, a major river bifurcation occurs. This bifurcation causes 

an extraction of coarse sediment from the main Rhine branch (which is the one that is studied 

here) and therefore probably has a decreasing effect on the length of the GST zone. The effects of 

bifurcations have been studied in detail in Chapter 2 and 3, and are not focus of study here.  

6.3 Methodology 

For the Rhine, a large dataset of bed sediment data is available. From this dataset, over 500 grain 

size distributions of bed sediments were analysed in this study. The distributions were measured 

from 1982 to 2000 AD, at 167 locations along the study reach (km 690-960), at (on average) 3 

positions across the river width and refer to the upper 10 or upper 20 cm of the river bed (Ten 

Brinke, 1997; this thesis: Chapter 5). The resolution of the data does not allow to recognise meter-

scale patchiness phenomena, but downstream variations in bed structure can be determined. To 

facilitate the determination whether the river bed at a sample location is clast-supported or 

matrix-supported, the theoretical model of Yu and Standish (1991) was used, as adapted by Yu 

and Standish (1993) and by Frings, Kleinhans and Vollmer (this thesis: Chapter 5). The model 

only uses grain-size distributions as input and predicts for each size fraction whether it is part of 

the bed framework or of the pore fill. It also returns a prediction of the bed porosity. The model 

gives accurate results for industrial mixtures of spherical grains (Yu and Standish, 1993) and is 

applicable for river sediments too (Chapter 5).  

To inventorise the occurrence of bend sorting, dune sorting and armouring in the GST an 

additional high-resolution bed sediment dataset was used, based on vibra-cores in the GST of the 

river Rhine (Gruijters et al., 2001; Gruijters et al., 2003). In order to determine whether the 

observed sorting phenomena produce significant differences in the mobility of gravel (D>2 mm) 

and sand (D<2 mm), two study sites were selected for which detailed flow and sediment transport 

data are available (km 867.3; km 878.2). From these data (this thesis: Chapter 3; Van Velzen et al., 

2007), the mobility of sand and gravel was determined for a range of discharge conditions. 
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Finally, data from other parts of the Rhine were used to determine whether the effect of the 

sorting phenomena on the sand mobility is greater in the GST than elsewhere in the Rhine. 

6.4 Results 

Bed structure 

Using measured grain-size distributions as input, the theoretical bed-structure model (Chapter 5) 

predicts a significant downstream change in bed structure in the GST zone of the river Rhine (Fig. 

6.1c), indicating a change from a clast-supported river bed to a matrix-supported river bed. 

Upstream of the GST, most of the sand is predicted to be present in the pores of the gravel, but 

downstream of the GST all sand is part of the framework. This is in accordance with the 

hypothesis of Wilcock (1998).  

The transition from a situation with filled pores to a situation with empty pores must 

inevitably lead to a downstream increase in bed porosity in the GST zone. For the GST of the 

Rhine, the bed-structure model indeed predicts a porosity increase from about 0.18 to 0.28 (Fig. 

6.1b), and similar increases can be expected in other rivers. Such a porosity increase in fact means 

downstream expansion of the river bed, and because it occurs over very short distances, this may 

affect the bed slope in GST zones, in addition to the other controls mentioned in the Section 6.1.  

Fig. 6.1 not only supports and refines existing hypotheses about the effects of bed structure on 

the GST, it also indicates thresholds for the occurrence of the GST. At the beginning of the GST 

in the Rhine, the average sand content of the river bed is about 25%, whereas at the end of the 

GST, where the river bed is fully matrix-supported, the sand content is about 55% (Fig. 6.1b). The 

Figure 6.1 Downstream change in (a) median bed grain size (D50) (Ten Brinke, 1997; Federal Institute of 

Hydrology, Germany), (b) bed porosity, (c) total sand content of the river bed and predicted division over 
pores and bed framework. 
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former value is in rough correspondence with the value given by Wilcock (1998) for the initiation 

of a GST (20%), and the latter value is comparable to the value observed by Iseya and Ikeda (1987) 

for the formation of a smooth (i.e. matrix-supported) river bed (50%). The values, however, differ 

from those observed in the flume experiments of Wilcock et al. (2001) (15% and 27% 

respectively), which may be due to the fact that the values of Wilcock et al. (2001) refer to the very 

top of the river bed, in contrast to the values of Fig. 6.1, which are representative for the upper 10 

Figure 6.2 Difference between inner bends and outer bends with respect to critical shear stress τc and actual 

(grain-related) shear stress τ’. Data are shown for several discharge conditions and three locations along the 

Rhine: (a1) km 867.3 (Bovenrijn), (b1) in a smaller distributary of the Rhine, km 878.2 (Pannerdensch 

Kanaal), (c1) km 960.5 (Bovenmerwede). The first two locations are situated in the GST zone, the third is 

located far downstream. The cross-stream variation in median bed grain size (D50) at the three locations is 

shown in the panels a2, b2 and c2 respectively. τc values were calculated for D50 from Shields’ curve (data 

from Gruijters et al., 2001; 2003; this thesis: Chapter 3). τ' values were calculated from τ = ρg(u/C’)2 in 

which ρ denotes water density (kg/m3), g gravitational acceleration (m/s2), u flow velocity (m/s) and C’ a 

Chezy coefficient (m0.5/s), calculated as C’ = 18 log (12h/D90), with h flow depth (m) and D90 the grain size 

for which 90% of the sediment is finer. u and h were either measured (see Chapter 3) or calculated with the 

calibrated 2D flow model WAQUA (Van Velzen et al., 2007). 
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or 20 cm of the river bed. Besides, Wilcock et al. did not directly measure bed structure, but 

instead studied the change in sediment mobility as a function of sand content and related this to 

the GST. Finally, it should be noted that threshold values for the initiation and ending of the GST 

can never be universally valid. This is because the bed structure (clast-supported or matrix-

supported) is not solely a function of the sand content of the river bed, but also a function of the 

pore-size distribution of the gravel grains (Chapter 5). 

Bend sorting  

Although the available bed sediment data for the river Rhine do not allow recognition of small-

scale sorting phenomena (patchiness), they clearly indicate bend sorting for nearly all river bends 

in the GST (examples are shown in Fig. 6.2, a2-b2). The outer bend sediments predominantly 

consist of gravel, whereas the inner bend sediments predominantly consist of sand. The gravely 

sediments in the outer bends have a much larger critical shear stress for incipient motion than the 

sandy sediments in the inner bends (Fig. 6.2, a1-b1), indicating that the outer-bend sediments are 

intrinsically less mobile than the inner-bend sediments. This will result in preferential 

downstream transport of the sandy inner-bend sediments provided the higher critical bed shear 

stress (τc) in the outer bends is not compensated by an equally higher grain shear stress (τ’) (τc 

and τ ’ are defined in Fig. 6.2). This requirement is fulfilled for the investigated river bends (Fig. 

6.2, a1-b1). In inner bends, τ ’ exceeds τc for most discharge conditions, indicating that inner-

bend sediments are mobile for most of the time. In outer bends, however, τ ’ is smaller than τc for 

most discharge conditions. Only for discharges greater than about 8000 m3/s, τ ’ exceeds τc. 

Because a discharge of 8000 m3/s corresponds to a flood event with a 4y recurrence interval, this 

suggests that the outer-bend sediments are mobile only in rare floods, which is confirmed by 

sediment transport measurements (Chapter 3). 

These findings clearly indicate that bend sorting decreases the mobility of gravel in GST 

zones, supporting the hypothesis made in Chapter 2. Note, however, that the bend sorting effect 

does not occur over the full length of the GST zone: at the crossing of two river bends, for 

instance, sediment is often uniformly distributed over the river width and bend sorting is absent.  

Whether bend sorting has a decreasing effect on the gravel mobility more upstream in the 

Rhine is unclear. Downstream of the GST zone, anyhow, bend sorting quickly loses its effect on 

the mobility of sand and gravel. Here, bend sorting still takes place (Fig. 6.2, c2), but the resulting 

differences in τc between inner and outer bends are small (Fig. 6.2, c1). More importantly, τ’ is 

much larger than τc for nearly all discharge conditions, both in inner bends and in outer bends. 

This suggests that coarse outer bend sediments and fine inner bend sediments are equally mobile, 

which is confirmed by sediment transport measurements (Chapter 3).  
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Dune sorting and armouring 

Multibeam echosounding measurements in the GST zone of the river Rhine have revealed that 

sediment transport mainly occurs by moving dunes (this thesis: Chapter 3, also see Wilbers and 

Ten Brinke, 2003; Kleinhans, 2001). The active bed layer that is mixed up by dunes during floods 

has a thickness of about 0.9 m, which follows from dune height measurements and from the 

presence of shell remains of Corbicula Fluminea in this layer, which is a species that only recently 

occupied the Rhine branches (around 1990 AD).  

The presence of dunes is likely to decrease the mobility of gravel because dunes concentrate 

coarse grains in deep bed layers during floods, where they are unavailable for downstream 

transport during subsequent low-flow periods, when dunes are much smaller. Support for this 

hypothesis comes from Kleinhans (2005c), who analysed vibra-cores taken in the GST of the 

Rhine (Gruijters et al., 2001) and observed in many cores gravely lag layers that were formed 

during the extreme discharge event of 1995 AD and had been immobile for more than 5 years 

thereafter. Kleinhans (2001, 2005c), however, did not observe an overall fining upward trend in 

the active layer.  

A close inspection of the vibra-cores reveals that in addition to dune lag layers, two other 

vertical sorting phenomena occur. In the first place, there is evidence for surface armouring, 

because the sand content of the top of the active layer (0-20 cm deep) is almost everywhere less 

than the sand content of the deeper parts of the active layer (Fig. 6.3a). In the second place, there 

is evidence for a larger-scale armouring process. In nearly all cores, the active layer as a whole (0.9 

m thick) was found to be much coarser than the substrate (Fig. 6.3b). Here it is hypothesised that 

the coarse active layer developed through winnowing of fines from the substrate, which is possible 

because dunes during floods continuously mix up the complete river bed, thus preventing the 

armouring process to stop at the moment that a thin layer of coarse grains has been formed at the 

bed surface. Such a large-scale armouring process involves significant amounts of bed 

degradation. To estimate the amount of bed degradation that must have occurred during the 

winnowing process, two assumptions are made: (1) the original bed sediments had the same 

composition as the present-day substrate; and (2) winnowing only affected the finer grain size 

fractions (i.e. no net erosion of grains coarser than ~10 mm occurred). Now it can be calculated 

what part of the grain size distribution of the original sediment must have been eroded to produce 

the grain size distribution of the active layer (Fig. 6.3b). The full procedure is explained by Frings 

and Kleinhans (2002) and comparable to that used by Lisle and Hilton (1999). It appears that 

about 75% of the original sediment should have been eroded. In other words: if the active layer 

(0.9 m thick) has been developed due to preferential erosion of fine grains, then the original 

sediment thickness must have been 3.6 m, of which 2.7 m was removed through erosion. Such 

large amounts of erosion are not irrealistic, because the river bed of the GST of the Rhine is 

known to have degraded for many decades, which is mainly due to the channel narrowing that 
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took place between 1850 en 1920 AD (e.g. Ten Brinke and Gölz, 2001; this thesis: Chapter 4). A 

comparison of the present thalweg level to that in 1870 AD (Topographische Inrighting, 1888), 

indicates a bed degradation of 3 ± 0.5 m, which corresponds to the above derived value of 2.7 m. 

From the above it can be concluded that mobile armouring processes (including the large 

scale winnowing effect) are very important in the GST of the river Rhine. Mobile armouring 

increases the mobility of gravel by over representing it at the bed surface, and therefore 

counteracts dune sorting, which decreases the mobility of gravel. It is probable that armouring 

processes were weaker in the period before the human interference in the Rhine. Nevertheless, it 

is expected that, even in this period, the effects of dune sorting on the mobility of sand and gravel 

in the GST were partly suppressed by armouring processes. 

6.5 Discussion 

Remarkable about the gravel-sand transition in the river Rhine is that it is less abrupt than many 

gravel-sand transitions reported in the literature. Because many of the transitions reported in the 

literature refer to rivers much smaller than the Rhine, there may a correlation between river 

length and the length of the GST. This was tested using the dataset of GSTs given by Sambrook 

Smith (1996), and indeed appeared to be true (Fig. 6.4). The GST in small rivers is in the order of 

0.2–2 km, whereas the GST in large rivers is in the order of 20-60 km. The Rhine, with its GST 

length of 30 km, plots nicely in the general trend. 

The dependence of the GST length on the river length illustrates that GSTs are not solely 

controlled by the change from a clast-supported to a matrix-supported river bed, for this is a 

Figure 6.3 (a) Comparison of the surface and subsurface sand content for 21 vibra-cores in the river bed of 

the GST zone in the river Rhine (km 865.3-867.3) (Gruijters et al., 2001). Data from sieve analyses. (b) 

Grain size distribution of the substrate and the active layer. Also shown is an imaginary grain size 

distribution of the active layer, rescaled such that its coarsest limb matches the grain-size distribution of the 

substrate. The shaded area indicates the part of the grain size distribution of the substrate that must have 

been eroded to produce the grain size distribution of the active layer. 
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grain-scale process that would affect large rivers as much as small rivers. A possible explanation 

for the greater length of GSTs in large rivers is their greater water depth, for this promotes the 

formation of dunes. The presence of dunes makes that gravel can never become completely 

immobile. Even gravel grains that are resting immobile in outer bends or deep bed layers for large 

parts of the year, are transported downstream by the high dunes during floods. In smaller rivers, 

dunes are smaller and less common and they therefore will not have such an increasing effect on 

the mobility of gravel. Another explanation for the greater length of GSTs in large rivers may be 

the greater lithological variability of their river basin. This may cause the sediment mixture in the 

GST zone of large rivers to be less bimodal than that in smaller rivers, frustrating a very abrupt 

transition. This remains purely hypothetical. 

Note that the presence of dunes in the GST of large rivers also has an effect on the bed 

roughness. In small rivers without dunes (or with very small dunes), the increasing sand content 

on the river bed in GST causes a downstream decrease in bed roughness, which may contribute to 

the reduction in channel slope that is often observed in GSTs (e.g. Sambrook Smith and Nicholas, 

2005). However, the emergence of dunes in the GST of large rivers causes a downstream increase 

in bed roughness. 

6.6 Conclusions 

The field data of the river Rhine, in combination with the theoretical predictions of the bed 

structure, demonstrate that the bed structure quickly changes from clast-supported to matrix-

supported in the GST, in accordance with the hypothesis of Wilcock (1998). The change in bed-

structure causes a significant downstream increase in bed porosity, which may affect bed slope in 

GST zones. The critical sand content for the initiation of the GST in the Rhine is about 25%, 

whereas the sand content at the end of the GST is about 55%. These values are expected to vary 

between rivers. The mobility of gravel in the GST zone of the Rhine is strongly reduced by bend 

Figure 6.4 Correlation between the length of the gravel-sand transition (GST) and the river length upstream 
of the transition. 
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sorting, which concentrates gravel grains in outer bends that are only mobile during high-flow 

periods. Dune sorting has a similar effect because it concentrates coarse grains in rarely mobile 

deep bed layers. The effects of dune sorting, however, are partly counteracted by armouring 

processes, which (in the Rhine) affect an uncommonly thick bed layer of about 0.9 m. The length 

of the gravel-sand transition is found to be significantly greater for large rivers than for small 

rivers, which may be due to the presence of dunes in large rivers and the larger lithological 

variation of their river basin. 
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Abstract 

A downstream decrease in bed sediment size is well known for gravel-bed rivers, but also occurs 

in sand-bed rivers. The causes of downstream fining, however, may differ between gravel-bed 

rivers and sand-bed rivers, due to the fundamental differences between the two river types. In this 

study a numerical downstream fining model was developed based on the Delft3D software, in 

order to study the relative importance of different external controls, selective transport processes 

and sediment addition-extraction processes on the rate and time-scale of downstream fining. The 

model results indicate that sea level rise and downstream river widening both lead to the 

development of a concave-upward longitudinal profile, which is a prerequisite for selective 

transport to build permanent downstream fining trends. Selective bed-load transport was found 

to be dominant over selective suspended-load transport as cause for downstream fining, except in 

the very downstream part of the river where the profile concavity is strongest. The dominance of 

selective bed-load transport contrasts with earlier studies in which selective suspended load 

transport was found to be dominant. The difference can be ascribed to the lower sediment 

mobility in the present study. The sediment extraction processes of overbank deposition and 

channel migration respectively cause a decrease and increase in fining rate. The model results are 

sensitive to the rate and composition of the upstream sediment supply, which suggests that 

sediment-distribution dynamics of upstream river bifurcations strongly control the downstream 

fining of bifurcating lowland rivers. Downstream fining is found to develop in a very short time 

(decades), whereas the morphology of the river develops much slower. After a few centuries, the 

morphology of the river (in specific the longitudinal bed profile) attained dynamic equilibrium 

with the imposed boundary conditions, and from then on the fining rate remained more or less 

constant over time. A comparison of the modelled fining rates with those observed in the river 

Waal, The Netherlands (the prototype for the model), shows reasonable agreement. Generally, the 

predicted fining rates are somewhat less than those observed, due to simplified process 

descriptions, uncertainties about input parameters and the fact that human influences such as 

dredging were not included in the model.  

7 
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7.1 Introduction 

Characteristic for many rivers is a downstream decrease in bed grain-size, a phenomenon 

typically known as ‘downstream fining’ (e.g. Morris and Williams, 1999a). The causes of 

downstream fining have been subject of study for several decades, because changes in bed-grain 

size significantly affect the sediment-transport dynamics, bed-form dimensions and hydraulic 

roughness of a river. Most downstream fining studies have focused on gravel-bed rivers, where 

downstream fining was found to be mainly the result of selective bed-load transport and abrasion, 

with disturbing effects of processes such as tributary confluences and hill-slope sediment delivery 

(e.g. Knighton, 1982; Dawson, 1988; Paola et al., 1992b; Kodama, 1994b; Cui et al., 1996; Ferguson 

et al., 1996; Rice, 1998; Gasparini et al., 1999; Hoey and Bluck, 1999; Gomez et al., 2001). 

Downstream fining in sand-bed rivers has received much less attention, despite the fact that the 

causes of downstream fining in these rivers probably differ from those in gravel-bed rivers (this 

thesis: Chapter 2). 

Abrasion rates for sandy sediments are generally negligibly small (this thesis: Chapter 2), 

therefore selective transport must be considered to be the intrinsic cause of downstream fining in 

sand-bed rivers. Both bed-load transport and suspended-load transport are selective in sand-bed 

rivers. The selectivity of the bed-load transport results from the difference in threshold of motion 

for fine and coarse grains. The selectivity of the suspended load transport arises because fine 

grains have a lower settling velocity than coarse grains in suspension and therefore are 

transported at a higher rate. Furthermore, the fact that suspended load transport is finer and 

faster than bed-load contributes to the selectivity of the transport. In Chapter 2 it was 

Figure 7.1 The river Waal: (a) location, (b) median bed-surface sediment diameter in 1995 AD (after Ten 

Brinke, 1997), with exponential trend line. 
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hypothesised that the degree of selective transport in sand bed rivers is enhanced by dune sorting 

and bend sorting processes, which concentrate coarse grains on locations (outer bends, deep bed 

layers) where they are less mobile. 

Selective transport processes only result in permanent downstream fining if the longitudinal 

bed profile is upward concave. A concave bed profile leads to a downstream decrease in flow 

strength and transport capacity, causing the coarse suspended grains to preferentially settle down 

to bed-load and coarse bed-load grains to preferentially become deposited. If the river bed is not 

concave but linear, selective transport may result in a greater transport rate for fine grains than 

for coarse grains, but because coarse grains also travel downstream, this does not lead to 

permanent downstream fining. Concave bed profiles develop if the river is subject to external 

controls such as sea level rise and tectonic subsidence (e.g. Wright and Parker, 2005b). These 

processes lead to a permanent backwater effect, which triggers aggradation in the downstream 

part of the river and therefore induces a concave bed profile. A concave bed profile also develops 

if the river width increases in downstream direction. This is often observed in coastal regions, and 

may be a reaction to the presence of tides. Tides cause a decrease in river discharge during 

incoming tide and an increase in discharge during outgoing tide. To accommodate the higher 

discharge during outgoing tide, the river width of tidally affected rivers must increase in 

downstream direction. The net effect over a complete tidal cycle probably is a downstream 

decrease in flow velocity and transport capacity, thus inducing the concave bed profile. A higher 

sea level rise, more subsidence or a stronger width increase lead to a stronger profile concavity 

and therefore to a stronger action of selective transport, resulting in a higher downstream fining 

rate.  

The rate of downstream fining in sand-bed rivers, however, not only depends on selective 

transport processes and external controls, it is also influenced by addition-extraction processes 

that introduce sediment into the river or withdraw sediment from the river (Chapter 2). 

Important addition-extraction processes for sand-bed rivers are overbank deposition and channel 

migration. Overbank deposition may affect downstream fining because it involves a net extraction 

of fine grains from the river’s sediment load, to which the river may react by taking new fine 

grains from the river bed into suspension, thus preventing a rapid downstream fining of bed 

sediments. Channel migration causes a continuous exchange of sediment between the river and 

the floodplains. In aggradational situations, this may lead to the net extraction of coarse (thalweg) 

sediments from the river, thus increasing the fining rate. More important, however, is that if 

lowland rivers move back and forth across their meander belt, their sedimentation is spread out 

over the entire meander belt. Over long time-scales this process reduces the rate of sedimentation 

within the channel compared to a situation with a confined (non-migrating) channel. The lower 

sedimentation rate may enhance profile concavity and therefore increase the downstream fining 

rate (Wright and Parker, 2005b). Another addition-extraction process that influences 

downstream fining is the sediment distribution at river bifurcations (Chapter 2). River 

bifurcations govern the rate and composition of the sediment supply to the downstream river 
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branches. Differences in composition or rate of supply (relative to the water supply) between the 

two downstream branches may lead to a discontinuity in downstream fining trend at the location 

of the bifurcation (Chapter 2). The sediment supply to the downstream branches, however, not 

only has a local effect on downstream fining, but also influences the average downstream fining 

rate of the downstream branches, because the rate of sediment supply determines the aggradation 

rate and profile concavity of these branches. 

Field measurements have confirmed the relevance of several of the processes mentioned 

above (Dietrich et al., 1989b; this thesis: Chapter 3, 6), but a complete evaluation of the relative 

importance of all these, mutually interacting, processes requires a numerical model. One-

dimensional models for the simulation of downstream fining in sand-bed rivers have been 

developed by a.o. Rana et al. (1973), Deigaard (1980) and Wright and Parker (2005a,b). The 

Wright-Parker model is the most sophisticated and allows for simultaneous development of the 

longitudinal bed profile and the downstream fining profile, starting from an initially straight bed 

profile with constant composition. The model was used to simulate the downstream fining of 

sand-bed rivers in prograding river deltas. The model results demonstrate the dominance of 

selective suspended load transport as cause for downstream fining in sand-bed rivers. Channel 

migration was also found to have a significant effect on the fining rate. The model results, 

however, suggest that overbank deposition has a negligible influence, but this may be due to the 

simplified incorporation of overbank deposition in the model.  

The study presented here builds on the work of Wright and Parker (2005a, b), but uses a 

different numerical model, investigates a slightly different set of processes and controls, and 

focuses on a different kind of river. Wright and Parker’s study is representative for sandy lowland 

rivers with a high sediment mobility (Shields number θ ≈ 1.5) and a suspension-dominated 

transport regime, whereas the study presented here is representative for sandy lowland rivers that 

have a lower sediment mobility (θ ≈ 0.3) and a mixed suspension/bed-load regime. The objective 

of this study was to determine the effects of selective bed-load transport, selective suspended load 

transport, overbank deposition, channel migration and upstream river bifurcations on the 

downstream fining rate in sandy lowland rivers that are subject to the external controls of relative 

sea level rise, downstream increases in river width and tidal water level variations. The effects of 

dune sorting and bend sorting, although possibly important, were not yet studied in this 

preliminary study. The time period of interest was 400 years. 

We use an advanced, existing, morphodynamic modeling system (Delft3D-FLOW) that was 

slightly adapted for this study. The model was applied to a 1D hypothetical sand-bed river in an 

aggrading (but not prograding) delta. The river’s characteristics were as much as possible based 

on data of the present-day river Waal (including Bovenmerwede) between the bifurcations 

Pannerdensche Kop and Merwedekop, The Netherlands (Fig. 7.1). A full simulation of the 

downstream fining development in the Waal through history was not feasible because this 

requires data on the initial (historical) composition of the bed sediments and time-dependent 

data on the rate and composition of the upstream sediment supply, which are not available. 
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In the first series of model simulations, the hypothetical river was subjected to different 

external controls in order to study the effects of these controls on profile concavity and 

downstream fining. In the second series of model simulations, the external controls were held 

constant and the effects of selective transport processes on downstream fining were studied. The 

third series of model simulations was developed to determine the effect of addition-extraction 

processes on downstream fining. The model simulations were completed with a sensitivity 

analysis in which the effect of specific model parameters on the results was investigated. All model 

results were compared to each other with respect to (1) the development of the longitudinal bed 

profile, (2) the downstream fining rate and (3) the time-scale of downstream fining development. 

7.2 Model description 

Flow  

Delft3D-FLOW solves the unsteady Navier-Stokes equations for an incompressible fluid, under 

the shallow-water and Boussinesq assumptions (e.g. Lesser et al., 2004). The model was used in 

1D mode (depth-averaged). To close the set of flow equations, the Chezy roughness formula was 

used, for which the Chezy value was calculated according to White-Colebrook from a constant, 

user-specified roughness height (ks). This roughness height was set to 0.25 m. The grain 

roughness (ks’) in the model was taken equal to the D90 of the local bed sediment.  

Morphology and sediment transport 

To calculate morphological changes, a continuity equation was used that schematises the river 

bed in two layers: the active (transport) layer and the substrate beneath it (Hirano approach). The 

active layer thickness in sand-bed rivers has typically been assumed to scale with the dune height 

and therefore with the water depth (e.g. Deigaard, 1980). Here, the active layer thickness (LA) was 

taken equal to 11% of the water depth (but in the sensitivity analysis it was varied from 25 cm to 

150 cm). The active layer thickness for the initial model conditions was 68 cm, which roughly 

corresponds to the average dune height during flood conditions in the Waal (Chapter 3). (Note 

that the active layer here does not correspond to 0.5 x the average dune height, as is often 

assumed, but to 1 x the average dune height. This is because dunes rework a bed layer with a 

thickness equal to half of the maximum dune height, which is equivalent to about 1 x the average 

dune height according to the dataset of Chapter 3. The substrate consisted of 14 bookkeeping 

layers of 10 cm thickness and a base layer of 5 m thickness.  

Bed-load transport was calculated with the Van Rijn (1984a) formula, which was adapted for 

the transport of multiple grain-size fractions according to Kleinhans and Van Rijn (2002). The 

stochastical method to calculate the shear stress proposed by Kleinhans and Van Rijn (2002) was 

not adopted here, because all grain size fractions are in motion. The size-selectivity of the bed-
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load transport depends on the hiding-exposure correction (ξi), for which a simple power function 

was used: ξi = (Di/D50)-m, with Di the representative grain size of size fraction i, D50 the median 

grain size of the local sediment mixture and m the hiding-exposure exponent, for which a 

standard value of 0.9 was used. Suspended-load transport was calculated from the full advection-

diffusion equation, with the transport capacity (equilibrium suspension) calculated with the Van 

Rijn (1984b) predictor. The latter uses a grain-size dependent settling velocity and a grain-size 

dependent reference concentration (derived from the bed-load transport) to calculate the 

suspended load transport for each grain size fraction.  

A comparison of the transport rates predicted with the Van Rijn formulae (with m=0.9) to 

measured transport rates in the river Waal (data from Chapter 3) shows acceptable agreement, 

not only for the total load (Fig. 7.2a), but also for the transport of the individual size fractions 

(Fig. 7.2b). Only at one of the measurement locations, the suspended load transport was strongly 

overpredicted (see the eight uppermost data points in Fig. 7.2a). This is probably due to the fact 

that the bed sediment composition that was used as input for the transport predictor was too fine. 

The used composition was based on samples of the upper 20 or 40 cm of the river bed, whereas 

the source of suspended sediment is the bed surface. If it is assumed that small grains (< 0.25 mm) 

are depleted from the bed surface due to armouring, the suspended load transport is much better 

predicted (Fig. 7.2a). Slight surface armouring at the measurement location may occur because of 

the relatively coarse sediment mixture (D50 = 2 mm, D90 = 16.8 mm) with only 6% of the grains 

smaller than 0.25 mm. (Alternatively it could be assumed that the source of the suspended load is 

not the local river bed, but the river bed one kilometre upstream, which hardly contains grains 

smaller than 0.25 mm).  

If, after calculating the sediment fluxes in and out of a cell, sedimentation was predicted for a 

cell, the deposited sediment was mixed with the active layer sediment, after which the excess 

Figure 7.2 Comparison of transport predictions made with the adapted Van Rijn (1984a,b) formulae to 

measured transport rates in the river Waal (close to the bifurcations Merwedekop and Pannerdensche Kop, 

data from Chapter 3): (a) bed-load and suspended load transport rates, (b) composition of bed-load 
transport. All transport rates are exclusive pore space. 
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sediment in the active layer was passed down to the substrate. This method to calculate the 

composition of the sedimentation was also used by Wright and Parker (2005a,b) and is assumed 

to be realistic for sand-bed rivers. In case of erosion, the eroded part of the active layer was 

replenished from the substrate. 

Initial and boundary conditions 

The initial bed profile was straight with a slope of 1.10-4 m/m and the initial water depth was 6.2 

m (Fig. 7.3a). The initial bed sediment composition was constant over the study reach with a D50 

of 1.2 mm and a gravel percentage of 38% (Fig. 7.3b), which is representative of the average 

composition of the river bed in the first 7 km of the Waal in 1995 AD (Ten Brinke, 1997). The 

porosity of the river bed is known to vary spatially (Chapter 5), but for practical reasons here a 

constant porosity of 34% was assumed. The sediment density was taken equal to 2650 kg/m3.  

The upstream model boundary was situated at the gravel-sand transition, the downstream 

boundary at the transition to the estuarine area with a mixed clay-sand bed. The imposed 

boundary conditions were the upstream flow discharge, the downstream water level and the 

upstream sediment input. The flow discharge was held constant at a value of 1700 m3/s, which is 

the Waal discharge that gives the same average annual sediment transport as the complete 

discharge record of the past century. The downstream water level was held constant at sea level 

for the first model simulations, but in subsequent simulations it was varied. The upstream 

sediment input was equal for all model runs, constant in time, and equal to the initial transport 

capacity at the upstream boundary. The total incoming sediment concentration was 22.7 mg/l, 

which is in correspondence with the sediment input to the Waal derived from the sediment 

balance of Ten Brinke et al. (2001) (=20 mg/l if rescaled to a discharge of 1700 m3/s). The 

Figure 7.3 Initial and boundary conditions for the model simulations: (a) initial bed and water level 

elevation, (b) grain-size distributions of the initial bed material and the incoming sediment at the upstream 

model boundary. The initial bed material distribution was constant throughout the reach. The incoming 

sediment distribution was constant through time. 
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upstream sediment input consisted of 39% bed-load transport and 61% suspended bed-material 

load transport. The size distributions of the incoming sediment load are shown in Fig. 7.3b. Grain 

size fractions finer than 0.125 mm were neglected in the model. These size fractions are known to 

occur in the river bed of the Waal only in negligible quantities. The maximum grain size was set 

to 16 mm and the grain-size range between 0.125 and 16 mm was divided into 7 grain-size classes 

with a width of 1 φ-unit each. The sensitivity of the model results to the number of grain-size 

fractions was determined in the sensitivity analysis. 

Grid, time resolution and solution schemes 

After specifying the initial and boundary conditions, the flow and transport equations were solved 

on a staggered finite-difference grid with an orthogonal curvilinear co-ordinate system. The use 

of a staggered grid implies that the flow velocity is calculated at the cell faces, whereas the water 

depth and sediment transport are calculated at the cell centres. The modelling grid was straight 

and one-dimensional and had a length of 93 km and a width of 260 m, divided into 93 cells of 

1000x260 m. The flow was assumed to be concentrated in a single, rectangular channel without 

tributaries or floodplains. The time step of the flow was 20 minutes. An initial period without 

morphological updating was allowed to stabilise the flow. In order to reduce simulation time, the 

morphological change in each time step was multiplied with a factor (F) of 100, which means that 

4 years of flow simulation were enough to simulate 400 years of morphological evolution. This 

method to reduce the simulation time (also used by e.g. Kleinhans et al., subm.) is based on the 

assumption that the flow is not appreciably affected by erosion and sedimentation during a single 

time step. This assumption was tested in the sensitivity analysis. For time-integration a second 

order ADI-scheme was used, based on the dissipative reduced phase-error scheme. Bed-level 

changes were determined using a first-order upwind Lax scheme. More details on the numerical 

solution schemes of Delf3D-FLOW are given by Lesser et al. (2004). The versions of Delft3D-

FLOW used for the calculations were 3.54.13.00.r.01WO06bHE_D50 (for most runs), and 

3.54.27.00BJ01HEd50 (for the overbank deposition runs). These versions were developed for this 

study because the standard commercial version of the software does not allow use of the adapted 

Van Rijn transport predictors in combination with the above hiding-exposure correction.   

7.3 Scenarios 

The model described in the previous section represents the most simple case studied in this 

chapter and is called the null model. Based on the null model, three series of model simulations 

were developed, in which respectively external controls, selective transport processes and 

addition-extraction processes were investigated. It may seem illogical to study external controls 

before selective transport processes, but this is essential, because without proper external controls 

that drive a concave bed profile no downstream fining develops at all. An overview of all model 
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simulations is given in Table 7.1. The results of the simulations were compared to each other with 

respect to the development of the longitudinal bed profile, the time-scale of downstream fining 

development and the downstream fining rate of the active layer. The downstream fining rate was 

expressed as: 

 

50

50

1
100%

dD
DF

D dx

 −
= × 
 

  (7.1) 

 

with x the distance in downstream direction (m) and the horizontal bar denoting spatial 

averaging. DF represents the relative size reduction of the bed grains per unit channel length. 

Positive values of DF indicate downstream fining, negative values indicate downstream 

coarsening. 

Table 7.1 Downstream fining simulations done with the model. 
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External controls 

Three external controls on downstream fining were investigated: relative sea level rise, 

downstream increases in river width and tidal water level variations. Relative sea level rise is a 

combination of eustatic sea level rise and basin subsidence and was modelled by increasing the 

water level at the downstream model boundary. Measured relative sea level rise rates for the past 

century are in the order of 2 mm per year (Bresser et al., 2005; Holgate, 2007), therefore we 

simulated a range of sea level rise rates from 0 - 4 mm per year.  

A downstream decrease in river width may develop in natural situations through bank 

erosion in reaction to tidal flow variations. The model used here does (in its present state) not 

account for bank erosion and therefore the width increase was accomplished by using a user-

specified widening grid. Three different grids were used: 0% width increase, 60% width increase 

(the measured increase in the Waal) and 120% width increase. The width increase was assumed to 

occur according to a power function between river km 58 and 93 (W = 260+a[0.001*(x-58000)]b , 

with a = 0.044 (for 60% width increase) or a = 0.088 (for 120% width increase); b = 2.3; x denotes 

distance [m]).  

To examine whether tidal water level variations affect profile concavity and downstream 

fining, model simulations were done with a harmonic variation of downstream water levels. Only 

the M2 and S2 tidal components were modelled. Three different amplitude combinations were 

used: 0 cm - 0 cm; 16 cm - 3.5 cm (the present amplitudes in the Waal); and 32 cm - 7 cm (the 

amplitudes in the Waal before the closing of the tidal inlets in the western Netherlands, estimated 

after: Topographische Inrigting, 1873-1884). 

Selective transport processes 

The relative effect of selective suspended load transport and selective bed-load transport on 

downstream fining was investigated by varying the hiding-exposure exponent (m) between 0.8 

and 1.0. The first value artificially makes the bed-load transport more selective, whereas the 

second value renders all bed-load grains equally mobile. The fining that is predicted by the latter 

model run therefore must be fully due to selective suspended load transport. For these two 

simulations (and all subsequent ones) we used the same set of external controls: a sea level rise of 

2 mm/year and a downstream width increase of 60%. The initial downstream water level was set 

at 0.8 m and tidal amplitudes (M2-S2) of 16 and 3.5 cm were applied. This set of external controls 

represents the present-day situation in the river Waal. 

Sediment addition-extraction processes 

Three addition-extraction processes were studied: overbank deposition, channel migration and 

the upstream supply of sediment. To simulate overbank deposition fully, a 3D model is needed 
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with a detailed description of river bank structures, floodplain topography and vegetation 

roughness. However, with the present model a rough estimate of the effect of overbank deposition 

on downstream fining was made. Overbank deposition was treated as a user-specified loss of 

suspended sediment. Simulations were done with loss rates of 0 to 0.2% of the depth-averaged 

suspended load transport per river kilometre. A loss of 0.13% is characteristic for the Waal, based 

on a levee deposition of about 350 m3 y-1 km-1 (excl. pores) (Ten Brinke et al., 1998) and an 

average suspended load transport of about 0.009 m3/s (calculated by the model). The used 

calculation procedure implies that the composition of the overbank deposition (natural levees) is 

equal to the average composition of the suspended load. This assumption is realistic: 

measurements of levee deposition (Sorber, 1997) and suspended load transport during floods in 

the Waal (Chapter 3) indicate a similar median grain size of about 0.3 mm.  

Channel migration was, just as overbank deposition, not directly simulated by the model. The 

effect that channel migration spreads out the sedimentation of the river over the entire meander 

belt and therefore decreases the aggradation rate within the channel, however, was estimated by 

multiplying the calculated morphological change in each time step with 1/Ba* (cf. Wright and 

Parker, 2005a,b). Ba* is the relative active width (m), defined as the width over which channel-

driven aggradation occurs (= meander belt width) divided by the channel width. Ba* was varied 

between 1 (reference case) and 8.  

River bifurcations could neither be explicitly modelled in this 1D model, but the effect of river 

bifurcations on the sediment supply to their downstream branches, was investigated by doing 

model simulations with varying rates and compositions of upstream sediment supply. The rate of 

supply was increased by 25% and decreased by 25%. Furthermore a simulation was done in which 

the composition of the input load was changed (7% gravel instead of 14% gravel). 

7.4 Results 

External controls 

The results of the null model indicate that in the absence of a sea level control or a downstream 

width increase, the initially straight bed profile maintains its shape and no downstream fining 

pattern develops at all (Fig. 7.4a). If a gradual sea level rise is imposed to the model, a backwater 

develops, resulting in a concave longitudinal bed profile, a downstream decrease in transport 

capacity and associated downstream fining. As expected, the degree of profile concavity and 

downstream fining increases with increasing sea-level rise (Fig. 7.4a). If instead of sea level rise, a 

downstream increase in river width is imposed to the model, strong aggradation occurs in the 

downstream part of the river (which is where the width increase occurs). In this part of the river, 

the bed slope strongly decreases, leading to a strong profile concavity and strong downstream 

fining. The degree of profile concavity and downstream fining increases for greater width 

increases (Fig. 7.4b). Tidal water level variations (with M2-S2 amplitudes of 32 and 7 cm) at the 
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downstream model boundary cause a cyclical variation in sediment transport at this location by 

nearly a factor of two (the highest transports occur during outgoing tide). The cyclical variation in 

sediment transport almost vanishes about 30 km upstream from the downstream model 

boundary. The net effect of tidal water level variations on the morphology is small: a few 

centimetres bed degradation occur at the downstream model boundary. The resulting 

downstream increase in water depth causes a slight downstream coarsening of the river bed 

sediments (Fig. 7.4b). 

In the river Waal, sea level rise, downstream increases in river width and tidal water level 

variations all occur together. Fig. 7.5 shows the results of a simulation with a combination of 2 

mm/year sea level rise, 60% width increase and M2-S2 amplitudes of 16 and 3.5 cm. The initial 

downstream water level was set at 80 cm above the reference plane, in accordance with the 

present-day situation in the Waal. The morphological development in this situation consisted of 

three phases. (1) Initially, the fine part of the input load ran down the river quickly and became 

deposited in the rapidly widening part of the river near the downstream model boundary. This set 

up a strong downstream fining pattern in less than 10y. (2) The coarse part of the sediment input, 

Figure 7.4 Longitudinal profile (left) and downstream fining pattern (right) after 400y of simulation, for 
different driving mechanisms: (a) relative sea level rise and (b) downstream river widening and tides. 
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however, also moved downstream and became mixed with the earlier deposited fine sediment, 

thus reducing the fining rate. In this period gradually a smooth concave bed profile developed. (3) 

After about 150y, the bed profile became in dynamic equilibrium with the imposed boundary 

conditions. Subsequent development was mainly controlled by the sea level rise, which caused 

slow but steady aggradation in the entire river. The profile concavity did not change over time any 

more and the downstream fining pattern had attained equilibrium (Fig. 7.6).  

Note that in the longitudinal profile and downstream fining profile of Fig. 7.5 small knicks are 

visible. These are no instabilities, but result from the discretisation of continuous functions (such 

as the Shields function) in the model. In the equilibrium situation, the bed slope decreased from 

about 10-4 in the upstream part of the river to about 10-5 at the downstream end, whereas the 

median bed grain size decreased from 1.2 to 0.8 mm, representing an average grain size reduction 

(DF) of 0.39% per km (Fig. 7.5, 7.6). The total sediment transport slightly decreased in 

downstream direction (Fig. 7.7) because about 8% of the incoming sediment load was deposited 

along the model reach.  

The model simulation with the combined set of external controls is used as the reference case 

for all subsequent simulations, which were subject to the same external controls, but differ with 

respect to the description of selective transport processes and sediment addition-extraction 

processes. 

Selective transport processes 

The relative effect of selective bed-load transport and selective suspended load transport on the 

downstream fining rate becomes apparent from model simulations in which the hiding-exposure 

exponent m was varied between 0.8 and 1.0 (Fig. 7.8a). The simulation with m=1.0, implying that 

all bed-load grains are equally mobile, produced hardly any fining (Fig. 7.9), whereas the 

Figure 7.5 Simulated time evolution of (a) the longitudinal profile, and (b) the downstream fining pattern 
for the reference case. 
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simulation with m=0.8, implying that bed-load transport is moderately selective, produced very 

high fining rates (much more than in the reference case with m=0.9). This suggests that selective 

bed-load transport strongly contributes to downstream fining. Note that selective bed-load 

transport not only has a direct effect on downstream fining (by causing a preferential transport of 

fine grains in bed load), but also indirectly affects downstream fining because it forms the source 

of suspended load transport. 

A close inspection of Fig. 7.8a reveals that the variation in m mainly affected the downstream 

fining rate in the upstream part of the river. In the downstream part of the river, the downstream 

fining rate was almost insensitive to m, suggesting that selective bed-load transport in this part of 

the river only contributes little to downstream fining. This part of the river is the location where 

the profile concavity is strongest and the downstream decrease in flow velocity greatest. Because 

suspended load transport is more sensitive to variations in flow velocity than bed-load transport, 

this led to a much more rapid decrease in transport (per m width) for suspended load than for 

bed load. If the downstream increase in river width is taken into account, it appears that the total 

volume of suspended load transport decreased downstream, but that the total volume of bed-load 

transport even increased downstream (Fig. 7.7). This implies that fine grain size fractions that 

initially were suspended, became part of the bed (load) more downstream, causing a fining of the 

bed.  

A final remark that has to be made with respect to the model simulations with different values 

of m is that varying m also affects the transport capacity of the flow, and thus the bed slope and 

average bed grain size. The higher the value of m, the greater the transport capacity and the lower 

the bed slope, which results in an overall decrease in bed grain size (Fig. 7.8a). 

Figure 7.6 Simulated time evolution of the reach-

averaged downstream fining rate (DF) (expressed as 
percent size reduction per kilometer river length) 
for the reference case. 

Figure 7.7 Simulated downstream change in 

transport rate for the reference case after 400 years 

of simulation (averaged over the tidal cycle). 
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Figure 7.8 Simulated longitudinal profile (left) and downstream fining pattern (right) after 400y of 

simulation, for (a) different hiding-exposure exponents, and (b), (c), (d) different sediment addition-

extraction processes. Note the difference in scale between panel a2 and panels b2-d2. m = hiding-exposure 

exponent (-), Ba* = relative active width (-). 
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Sediment addition-extraction processes 

Overbank deposition had little effect on the longitudinal bed profile, but caused an overall 

coarsening of the river bed and a decrease in downstream fining rate (Fig. 7.8b, 7.9). This is 

because overbank deposition removed a part of the suspended sediment, to which the river 

reacted by entraining fine grains from the bed (load) into suspension, preventing a rapid 

downstream fining of the river bed.  

Channel migration had an increasing effect on the profile concavity, especially at the 

downstream model boundary, resulting in an increase in fining rate (Fig. 7.8c, 7.9). This is 

because due to channel migration the aggradation rates within the channel decreased, which 

resulted in a larger water depth at the downstream model boundary and a stronger backwater 

effect. A side effect of the decreased aggradation rates was a slowing down of the morphological 

development. A semi-equilibrium situation in which the profile concavity and downstream fining 

rate were about constant over time only developed after 300-400 years of simulation. 

Variations in the upstream sediment supply (indicative for the effect of river bifurcations) had 

a strong effect on the longitudinal bed profile and the downstream fining rate. In the model 

simulation with an increased rate of supply, a greater bed slope was required to transport all the 

sediment, causing a coarsening of the river bed. This coarsening was most pronounced at the 

upstream model boundary, resulting in an increase in downstream fining rate (Fig. 7.8d; 7.9). The 

model simulation with a decreased rate of supply had the opposite effect on the bed profile and 

fining rate. Simulations with a slightly finer input composition (7% gravel instead of 14% gravel) 

produced strong bed degradation in the upstream part of the river, causing a decrease in bed slope 

and an overall decrease in bed grain size. The profile concavity also decreased, leading to a much 

Figure 7.9 Comparison between simulations with different transport mechanisms and addition-extraction 

processes, with respect to the downstream fining rate (DF) (expressed as percent diameter reduction per 

km of river length) after 400y of simulation. m= hiding-exposure exponent (-), Ba* = relative acive widh (-). 
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lower fining rate (Fig. 7.8d; 7.9). Only after 500 years of simulation the downstream fining rate 

became about constant over time. During the period of degradation, locally even a downstream 

coarsening of bed grain size occurred (this was also the case for the simulation with decreased rate 

of supply, see Fig. 7.8d). 

7.5 Discussion 

Sensitivity analysis 

To test the sensitivity of the model results to user-specified input parameters that are not 

constrained by data, a sensitivity analysis was done. Three parameters were included in the 

analysis: the active layer thickness (LA), the morphological multiplication factor (F) and the 

number of grain size fractions (n). These parameters respectively represent the bed 

schematisation, the time parameterisation and the grain size discretisation in the model. The 

sensitivity of the model outcomes to the specified active layer thickness (LA) was negligible. Profile 

concavity and downstream fining rate after 400y of simulation were equal for simulations with LA 

= 0.25 m and LA = 1.5 m. Only the time-scale of morphological development was slightly different 

between these runs. With a thinner active layer, the semi-equilibrium was attained somewhat 

earlier. The negligible sensitivity of the model results to LA may seem remarkable, because LA is 

usually found to have a very strong effect on the model outcomes (e.g. Mosselman, 2003). That 

this is not the case here, is probably due to the aggradational conditions. In erosional conditions, 

the thickness of the active layer strongly determines the rate of bed coarsening, which acts as a 

delay on morphological change. In case the active layer is very thin, the bed coarsening can 

become so strong that further morphological development is prohibited. However, in 

aggradational conditions, the active layer does not coarsen of time (usually it becomes finer) and 

therefore does not govern morphological change.  

Figure 7.10 Effect of the number of grain size fractions on the (a) longitudinal profile, and (b) downstream 

fining pattern after 400y of simulation. 
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The sensitivity of the model outcomes to the morphological multiplication factor F, which 

serves to reduce simulation time, was also negligible. A simulation with F decreased from 100 to 

50 (and the time step for the flow halved as well) did not change the results at all. In contrast to 

this, the model results did measurably change for the simulation in which the number of grain 

size fractions was doubled. Splitting each size fraction in two led to an increase in profile 

concavity and an increase in downstream fining rate (Fig. 7.10). This can be explained by the fact 

that splitting of the grain size fractions increased the maximum gravel diameter in the model (it 

became 13.5 instead of 11.3 mm). This made the imposed sediment load less transportable and 

led to aggradation in the upstream part of the river until the bed slope had increased enough to 

transport the sediment. 

Although it was not tested, it is expected that the morphological development and predicted 

downstream fining rate in the model are rather sensitive to the chosen transport formulae. 

Especially the way account is made for the interaction of the suspended load transport and bed 

load transport (through the reference concentration) may prove to have a great effect on the 

results. The general trend indicated by the model simulations in this study, however, probably 

remains intact. 

Comparison to measured downstream fining rates 

Downstream fining rates predicted by the model vary (for most simulations) between 0.10% and 

0.60% per km (Fig. 7.9), depending on the processes that were incorporated in the model. These 

fining rates are higher than those observed in the sand-bed parts of the Mississippi (0.08% per 

km) or Ganges (0.02% per km), but significantly less than the downstream fining rate of the 

present-day Waal (0.80% per km). Only the model run with a decreased hiding-exposure 

exponent (m=0.8) produced a higher fining rate, which is closer to the measured fining. This may 

mean that bed-load transport in the river Waal is more selective than assumed in the model, but 

care should be taken to directly compare the modelled fining to the measured fining. In the model 

many processes were strongly simplified, whereas the input data are definitely not exactly in 

correspondence with the true values. Especially the imposed rate and size distribution of the 

upstream sediment input has a significant effect on the results. More important than the process 

simplification and the uncertainty in model input, however, is probably the effect of human 

influences on the present-day Waal (such as dredging and channel narrowing), which were not 

incorporated in the model. 

By dredging more than 30 million m3 of sediment has been removed from the river bed of the 

Waal since 1916 AD (Ten Brinke, 2005: ch. 6). Dredging activities are concentrated in the very 

downstream part of the Waal, which is the location where (according to the model) the 

aggradation rates are highest. Without this dredging, the bed level would have been much higher 

here, causing a reduction in water depth and leading to a weaker backwater effect. This would 
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have caused a smaller downstream fining rate in the present-day Waal, probably more in 

correspondence to the downstream fining rate in the model. 

Channel narrowing in the period of so-called ‘river normalisation’ (about 1870–1916 AD) has 

induced a significant bed degradation of about 3 m over the entire length of the Waal that is still 

ongoing today (this thesis: Chapter 4). The model, however, does not predict bed degradation 

because it was shaped to present-day plan form of the Waal with no sudden channel narrowing 

forced on it. Because of the bed degradation in the present-day Waal, its downstream fining trend 

is strongly controlled by the grain size of older river deposits in the subsurface, which partly were 

deposited under different climatologic conditions. Nevertheless, although these deposits were 

finer, they generally had the same downstream fining rate as the present Waal deposits (Chapter 

4), suggesting that channel narrowing is not the primary reason for the discrepancy between 

modelled and measured downstream fining rates.  

Comparison to other studies 

Although the downstream fining model does not exactly reproduce the downstream fining trend 

of the present-day Waal, it gives a proper indication of the relative importance of several 

downstream fining mechanisms and processes under natural and present-day conditions. The 

results obtained in this study can be compared to those of Wright and Parker (2005a,b) who also 

developed a numerical model for the simulation of downstream fining in sandy lowland rivers. 

The model developed in this study differs in many aspects from the model of Wright and 

Parker (2005a,b) (e.g. with respect to transport and roughness formulations, time and spatial 

resolution, sediment composition and discharge schematisation), but both models predict a 

similar downstream fining trend, with the downstream fining rate generally increasing 

downstream, instead of decreasing downstream as is often expected. This difference may be 

caused by the fact that the downstream fining was perhaps not yet in full equilibrium in both 

studies, but it may also be due to the effect of suspended load transport in combination with the 

downstream sea level control.  

This study also confirms the results of Wright and Parker (2005b) with respect to the positive 

effect of channel migration on the downstream fining rate. However, whereas Wright and Parker 

concluded that selective suspended load transport is the dominant selective transport mechanism, 

here it was found that selective bed-load transport is dominant. This difference can be explained 

by the much lower sediment mobility in our model. The Shields value in Wright and Parker’s 

study was of the order of 1.5, whereas in this study it was of the order of 0.3. Consequently, a 

greater part of the total load was transported in suspension in Wright and Parker’s study than in 

this study, and therefore the effect of suspended load transport on downstream fining may have 

been greater. This becomes even clearer if account is made for the fact that part of the flow energy 

in sand-bed rivers is ‘lost’ in overcoming the friction caused by bed forms. The ‘ripple factor’, 

which indicates which part of the total Shields value is available for sediment transport, was in 
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this study of the order of 0.4, implying that the effective Shields value was only 0.12. This is not 

too far above the threshold of motion (about 0.04) and is thought to allow the bed-load transport 

process to be still selective. For Wright and Parker’s study the ripple factor is not reported, but if it 

assumed to be same as in this study, than it follows that the effective Shields value (0.6) is still far 

above the threshold of motion, making bed-load transport virtually equally mobile. Note that the 

near similarity between the grain-size distribution of bed load and river bed, which was seen by 

Wright and Parker as a proof of the non-selectivity of the bed-load process, is no convincing 

argument for this, because only small deviations are enough to produce selective bed-load 

transport (see Fig. 7.3). 

Another difference between Wright and Parker’s (2005b) study and the present study is the 

effect of overbank deposition. Wright and Parker found it to be negligible, but in this study it was 

found to be significant. This contradiction is due to the way overbank deposition was 

incorporated in the two models. Wright and Parker assumed that only suspended grains from the 

upper 10% of the water depth enter the floodplains, whereas in this study it was assumed that 

suspended grains from all depths can enter the floodplains. The latter is expected to be more 

realistic, at least for the Waal, because measurements have revealed that advective transport due 

to helicoidal currents causes deposition of relatively coarse suspended grains (sand) at the natural 

levees (Ten Brinke et al., 1998). Because coarser grain size fractions interact more strongly with 

the bed (e.g. Wang and Dittrich, 1992), it may be expected that loss of these grain size fractions 

due to overbank deposition, is faster replenished by entrainment of fines from the river bed, thus 

having a stronger effect on downstream fining. Finally it should be noted that Dietrich et al. 

(1989b), based on field measurements, also came to the conclusion that overbank deposition is a 

dominant control on downstream fining, but they expected an opposite effect as was found in this 

study. This was not fully explained, however. 

The dependency of downstream fining rates on upstream sediment supply, as observed in this 

study, suggests that downstream fining rates in sandy lowland rivers are strongly controlled by 

bifurcation dynamics, because the upstream supply in deltaic lowland rivers is often determined 

by sediment distribution processes at upstream-located river bifurcations. This finding supports 

observations made in Chapter 3. 

7.6 Conclusions 

The downstream fining model developed in this study demonstrated that the downstream fining 

rate in sand-bed rivers is dependent on (1) selective transport mechanisms, (2) external controls 

and (3) sediment-addition extraction processes. The primary selective transport mechanism (at 

least for the upstream part of the river) was found to be selective bed-load transport, which is 

related to the relatively low sediment mobility in the investigated river. Selective transport in 

sand-bed rivers with higher sediment mobility is probably suspension-dominated.  
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Selective transport only resulted in a permanent downstream fining trend if the longitudinal 

profile was upward concave. A concave profile causes a downstream decrease in transport 

capacity, resulting in deposition of increasingly finer grains. External controls that force the 

development of a concave profile thus are essential for downstream fining. In this study it was 

shown that in addition to sea level rise and basin subsidence, also downstream increases in river 

width lead to the formation of an upward concave longitudinal profile. Another external control, 

tidal water level variations, did not have a significant effect on downstream fining in this study. 

Overbank deposition causes a loss of suspended sand from the main channel, to which the 

river reacts by entraining fine grains from the bed (load) into suspension. This leads to an overall 

coarsening of the river bed and a decrease in downstream fining rate. Channel migration 

decreases the aggradation rates within the channel and therefore results in larger water depths at 

the downstream model boundary. This makes the backwater effect of the rising sea level stronger, 

leading to a more pronounced profile concavity and a higher downstream fining rate.  

The rate and size composition of the upstream sediment supply was found to have a strong 

effect on the model results. A larger supply led to a steeper bed slope and an overall coarsening of 

the river bed. The profile concavity increased, which resulted in a higher downstream fining rate. 

A decrease in gravel content in the upstream supply led to degradation and a decrease in bed 

slope and profile concavity. As a result the river bed as a whole became finer, and its downstream 

fining rate decreased. For deltaic lowland rivers with bifurcating channels, the upstream supply is 

often controlled by sediment distribution dynamics at upstream-located river bifurcations. This 

study therefore suggests that river bifurcations have a strong effect on the downstream fining in 

their downstream branches. This effect is additional to the earlier observed discontinuities in 

fining rate that often occur at the location of the bifurcation itself (Chapter 2,3). 

The model simulations predict that downstream fining in sand-bed rivers can develop in a 

very short time (decades), whereas the morphology of the river develops much slower. In most 

model simulations a very strong downstream fining profile was build in less than 10y of 

simulation because of rapid downstream transport (and subsequent sedimentation) of the finer 

part of the input load. In the period thereafter, when increasingly more coarse grains reached the 

downstream end of the river, the downstream fining rate decreased again. After a few centuries, 

the morphology of the river (in specific the longitudinal bed profile) was in dynamic equilibrium 

with the imposed boundary conditions, and from then on the fining rate remained more or less 

constant over time. Two processes significantly retarded the achievement of the equilibrium: 

channel migration and changes in upstream supply. The model results were insensitive to the 

thickness of the active layer and the morphological multiplication factor, but slightly dependent 

of the number of grain-size classes. 

The modelled fining rates were in broad correspondence with those observed in the river 

Waal, The Netherlands (the prototype for the model). Generally, the predicted fining rates were 

somewhat less than those observed. This can be ascribed to oversimplified process descriptions, to 

uncertain input parameters and to human influences that were not included in the model.  
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Concluding remarks 

 

 
 

 

 

 

8.1 General 

In the preceding chapters, several approaches were used to meet the objective of this thesis, which 

was: to determine the influence of abrasion, selective transport, sediment addition-extraction 

processes and external controls on downstream fining in sand-bed rivers and gravel-sand transition 

zones (Chapter 1).  

� First, an extensive literature review was done in order to identify all relevant processes and 

controls (Chapter 2). 

� Second, a large data set of sediment transport measurements was analysed to study selective 

transport processes and an important addition-extraction process: the complex sediment 

distribution at river bifurcations (Chapter 3). 

� Third, geological, historical and modern data were combined to study the external control of 

human interference on downstream fining (Chapter 4). 

� Fourth, a porosity model was developed to determine how the bed structure of a river 

changes in downstream direction (Chapter 5). 

� Fifth, the porosity model was combined with sedimentological data to estimate the effect of 

bed structure, bend sorting and dune sorting on the transport selectivity in gravel-sand 

transition zones (Chapter 6). 

� Finally, a numerical downstream fining model was constructed in order to determine the 

interactions between selective transport processes, addition-extraction processes and external 

controls on downstream fining (Chapter 7). 

Below, the results from the preceding chapters are integrated and discussed, and answers to the 

research questions formulated in Chapter 1 are provided. This is done first with respect to 

downstream fining in sand-bed rivers and thereafter with respect to downstream fining in gravel-

sand transition zones. Finally, application possibilities of the results of this research are suggested 

and directions for future research are proposed.  

8 
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8.2 Downstream fining in sand-bed rivers 

The intrinsic cause of downstream fining in sand-bed rivers is selective transport because 

abrasion rates are generally small. The rate of downstream fining, however, is strongly dependent 

of addition-extraction processes and external controls. An overview of the main processes and 

controls affecting downstream fining in sand-bed rivers is given in Fig. 8.1. These processes and 

controls are discussed in detail below. 

Abrasion  

Abrasion rates in sand-bed rivers are generally believed to be negligibly small because of the small 

grain size, the high degree of particle roundness, the absence of non-durable lithologies, the 

dominance of grinding as abrasion process and the dominant suspended transport mode of the 

bed sediment (Chapter 2). Experiments described in literature (e.g. Kuenen, 1959) support this 

view, but it is doubted whether these laboratory experiments correctly simulated abrasion in 

nature (Kodama, 1994a; Chapter 2). Although intended, a field study of abrasion rates in the 

lower river Rhine appeared not possible for this thesis, but a preliminary petrological examination 

of the bed-load samples collected in Chapter 4, carried out by W. Hoek (Utrecht University), 

shows a downstream increase in the content of highly resistant quartz grains (from 55 to 69% 

over 90 km), which may be an indication for abrasion. Similar observations have been made by 

Maarleveld (1956). It is premature to fully rule out abrasion as downstream fining process in 

sand-bed rivers, although its role most likely is subsidiary to the role of selective transport. The 

role of abrasion in sand-bed rivers probably is largest if the sediment mixture contains some 

Figure 8.1 Main processes and controls on the downstream fining in the sand-bed part of the river Rhine. 
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gravel (as is the case in the upstream part of sand-bed rivers) and if the river is freely meandering, 

allowing weathering to attack grains that have been temporarily deposited on point bars (cf. Jones 

and Humphry, 1997; also see Chapter 2).  

Selective transport 

Selective transport in sand-bed rivers is partly due to the fact that fine grains have a lower 

threshold of motion than coarse grains and therefore are preferentially transported in the bed-

load layer, but it is also due to the presence of suspended load, which is finer and faster than bed-

load, and in itself is also selective because fine suspended grains travel with a greater velocity than 

coarse suspended grains. Both types of selective transport were observed in field measurements in 

the lower river Rhine (Chapter 3). For sand-bed rivers in which the flow conditions are far above 

the threshold of motion, such as the Mississippi, especially the selectivity due to suspension is 

important (Wright and Parker, 2005b), but in sand-bed rivers with somewhat lower flow 

conditions, such as the lower river Rhine, the bed-load selectivity due to the difference in 

threshold of motion is dominant (Chapter 7). Model simulations in which all grain sizes were 

assumed to have the same threshold of motion still predicted downstream fining for the lower 

river Rhine, but this fining was much less than in model simulations with a different threshold of 

motion for fine and coarse grains (Chapter 7).  

Selective transport processes not only lead to downstream fining, but also result in a local 

sorting of the river bed. These local sorting phenomena in turn affect the rate of selective 

transport and can significantly influence the downstream fining rate. Dominant sorting processes 

in sand-bed rivers are dune sorting and bend sorting. Dune sorting results in a fining upward 

profile in the transport layer. Coarse grains that are buried in deep bed layers during floods 

cannot be transported downstream during the more frequently occurring low-flow periods, when 

dunes are smaller and the transport layer is thinner. The coarse grains in the deep bed layers 

become permanently unavailable for downstream transport if net sedimentation occurs. It is 

expected that this increases the rate of downstream fining (Chapter 2). Preliminary calculations 

with the downstream fining model presented in Chapter 7 in combination with the sorting 

function of Blom and Kleinhans (2006) confirm the effect of dune sorting on downstream fining, 

but the exact outcome seems to be rather sensitive to the way in which the sorting function is 

incorporated in the model. The second sorting process, bend sorting, concentrates coarse grains 

in outer bends, and it was hypothesised in Chapter 2 that this reduces their mobility. Field 

measurements support this hypothesis for sand-bed rivers with considerable amounts of gravel 

(e.g. Chapter 3), but for sand-bed rivers with little gravel, the mobility of the coarse grains in the 

outer-bend was found to be equal to the mobility of the fine grains in the inner bend, implying 

that bend sorting does not affect the rate of selective transport and downstream fining in these 

rivers (Chapter 3, 6). 
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The rate of selective transport in sand-bed rivers was found to decrease in downstream 

direction. Transport measurements in the lower river Rhine show that the local transport-load 

composition during floods is significantly finer than the river bed in the upstream part of the river 

(indicating strongly selective transport), but approaches the bed composition in the downstream 

part of the river (indicating almost equal mobility of fine and coarse grains) (Chapter 3). Two 

explanations are given for this: (1) the sediment mixture upstream is wider and more bimodal, 

leading to a greater difference in threshold of motion between fine and coarse grains; (2) the 

(dimensionless) shear stress is smaller upstream, making differences in threshold of motion 

relatively more important. Furthermore, it is likely that that dune sorting also stronger 

contributes to selective transport in the upstream part of the river (e.g. Kleinhans, 2004), although 

dune sorting in this area strongly interacts with other sorting processes, such as bend sorting, 

armouring and patchiness (Chapter 2, 6).  

The concavity of the longitudinal bed profile strongly determines the effect of selective 

transport processes on downstream fining. Selective transport in itself only results in a 

preferential downstream transport of fine grains. This may cause rapid development of 

downstream fining if, after an avulsion, a sand-bed rivers takes a new course through a flood 

basin with no initial downstream fining (Chapter 7). However, coarse grains also travel 

downstream and eventually the downstream fining trend disappears again, unless the longitudinal 

bed profile of the river is concave. A concave bed profile leads to a downstream decrease in flow 

strength and transport capacity, which (in combination with the size-selectivity of the transport 

process) causes the coarse suspended grains to preferentially settle down to bed-load and coarse 

bed-load grains to preferentially become deposited, thus resulting in downstream fining (Chapter 

7). Because the time scale for developing downstream fining is much smaller than the time scale 

for changing the longitudinal bed profile (due to the difference in sediment volume that need to 

be displaced), the profile shape acts as continuous forcing on the selective transport processes.   

Sediment addition and extraction  

Downstream fining trends built by abrasion and selective transport can be significantly altered by 

the addition of external sediment to the river and by the extraction of sediment from the channel. 

Sediment addition and extraction processes modify the sediment balance of the river in a way that 

is not, or only loosely related to processes of selective transport and abrasion. The main addition 

and extraction processes in sand-bed rivers are overbank deposition, channel migration, dredging 

and the sediment distribution at river bifurcations (Fig. 8.1).  

Overbank deposition involves an extraction of fine suspended sediments from the sediment 

load of the river. Model simulations suggest that the river reacts to this by entraining new fine 

sediments from the river bed into suspension, causing a coarsening of the river bed and a 

reduction of the downstream fining rate (Chapter 7). Relative small volumes of overbank 

deposition are sufficient to produce this effect, but prerequisite is that the sediments involved do 
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not only consist of grains that were transported as wash load through the channel without 

interacting with the river bed (Kodama, 1994a; this thesis: Chapter 2). Channel migration causes a 

continuous exchange of sediment between the river and the floodplains. In aggradational 

situations, this probably leads to net extraction of coarse (thalweg) sediments from the transport 

load, which may have an effect on downstream fining similar to that of dune sorting (Chapter 2). 

More important, however, is that channel migration spreads out the sedimentation of the river 

over the entire meander belt, thus reducing the aggradation rate within the channel and leading to 

a stronger profile concavity and higher downstream fining rate. Model simulations (Chapter 7) 

confirm the finding of Wright and Parker (2005b) that this is an important control on 

downstream fining rates. The effects of dredging, either for navigation purposes or for sediment 

mining, on downstream fining are complex. Dredging may involve a size-selective extraction of 

sediment from the main channel, but it also affects downstream fining by its influence on the 

profile shape (e.g. Chapter 4).   

River bifurcations have two effects on downstream fining. In the first place they determine the 

volume of sediment supply towards their downstream distributaries, thereby controlling the 

aggradation rate in these distributaries, the concavity of their longitudinal bed profile and the 

downstream fining rate (Chapter 7). In the second place, river bifurcations often cause a 

discontinuity in the downstream trend of a river, somewhat similar to the discontinuities in 

downstream fining that have been observed at tributary confluences (Rice, 1998). Downstream 

fining discontinuities at river bifurcations especially develop if the bifurcation is located at the end 

of a river bend. Field measurements show that bend sorting directly upstream of the river 

bifurcation concentrates fine grains in the inner bend and coarse grains in the outer bend, causing 

the sediment supply into the branch that originates in the outer bend to be relatively coarse, and 

leading to a sudden increase in width-averaged bed grain size from the main channel towards this 

outer-bend branch (Chapter 3). At bifurcations with low sediment mobility, the sediments in the 

outer bend directly upstream of the bifurcations are often immobile for the larger part of the year. 

The outer bend then does not receive a coarse sediment supply, but a grain-size discontinuity still 

develops; in this case because the bed-load supply into the outer-bend branch is very low, which 

leads to winnowing of fine grains from the bed and a coarsening of the bed surface (Chapter 2 and 

3).  

The effect of river bifurcations on downstream fining thus is intimately linked with the 

sediment distribution process at the bifurcation. Suspended load is usually distributed according 

to the water distribution, but bed load often is not (Chapter 3). The distribution of bed load at a 

river bifurcation is known to be a function of upstream controls, local controls and downstream 

controls (see also De Heer and Mosselman, 2004). For the two investigated river bifurcations with 

the lowest sediment mobility, upstream controls were found to be dominant (especially the 

above-mentioned bend sorting effect). For river bifurcations in coastal areas, tidal water level 

movements were found to be a very important downstream control (Chapter 3). Tidal effects 

cause variations in sediment distribution during a tidal cycle and may also have a net effect over 
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longer time periods. Other, more local, effects on the sediment transport at the investigated river 

bifurcations are hysteresis in dune development and bed roughness during a discharge wave, and 

the occurrence of sediment waves. Sediment waves are probably intrinsic bifurcation phenomena, 

but their origin still remains to be explained (Chapter 3).  

Beside the addition and extraction processes mentioned above, also tributary confluences, 

non-alluvial sediment supplies and anthropogenetic sediment dumping can affect the 

downstream fining rate in sand-bed rivers. Their effects were not investigated in this thesis, but 

are argued to be generally small compared to the effects of the processes mentioned above 

(Chapter 2).  

External controls 

The intensity of the downstream fining processes described above is modified by external 

controls, which can be natural or human. The main natural controls on downstream fining in 

sandy lowland rivers are sea level, tectonics and tides (Fig. 8.1). A high sea level stand induces a 

backwater, which results in a downstream decreasing transport capacity and a concave bed 

profile, enabling selective transport processes to build a downstream fining pattern. Ongoing 

aggradation, however, gradually reduces the profile concavity and downstream fining rate, unless 

the sea level rises or tectonic subsidence takes place. A stronger sea level rise or subsidence leads 

to a higher profile concavity and more downstream fining (Wright and Parker, 2005b; Chapter 7). 

A concave bed profile also develops if the river width increases in downstream direction. This is 

often observed in coastal regions and can be a reaction to the presence of tides. Tides cause a 

decrease in river discharge during incoming tide and an increase in discharge during outgoing 

tide; in order to accommodate the higher discharge during outgoing tide, the river width of 

tidally-affected rivers must increase in downstream direction. Such a downstream river widening 

may cause a downstream decrease in transport capacity and therefore induce a concave bed 

profile and downstream fining (Chapter 7). How tidal water level variations themselves (thus 

without width increase) affect the downstream fining rate is unclear. The model simulations of 

Chapter 7 suggest that their influence is small, but the study area did not encompass the estuarine 

area where tidal flow variations are more pronounced. In addition to sea level, tectonics and tides, 

also climate can be considered as a natural control on downstream fining. Climatological impacts 

were not investigated in this thesis, but may affect downstream fining through their effect on river 

discharge, sediment supply and sea level. 

Human controls on downstream fining can be significant in sand-bed rivers, because many 

sand-bed rivers are situated in lowland areas which are a favoured location for human settlement. 

Examples of human activities in lowland rivers are embankment, meander cut-offs, channel 

narrowing, land reclamation, bifurcation stabilisation, bank protection, sediment mining, 

navigation and dam building. In the river Waal, which was used as study case, all these human 

activities (except for the last one) occurred during the past 900 years. Although it is difficult to 
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separate completely the effects of these activities on the bed grain size and the fining rate, the 

effects of embankment, channel narrowing and sediment mining appear to be dominant (Chapter 

4). These processes caused an increase in flow depth, which led to a higher bed shear stress and 

triggered preferential erosion of fine grains from the river bed. As a result the bed surface of the 

Waal coarsened during the past 900 years. Because the surface coarsening occurred 

homogeneously over the entire channel length, the downstream fining rate of the Waal remained 

unaltered (Chapter 4). This is probably also true for the other branches of the lower river Rhine. 

However, in rivers where human activities are concentrated in a limited part of the river, 

significant changes in downstream fining rate can be expected.  

Human activities not only affect downstream fining through their influence on the bed shear 

stress, they also affect addition-extraction processes. Channel migration, for instance, is in many 

sand-bed rivers prohibited by bank protection works, which has a decreasing effect on 

downstream fining rates because it increases the aggradation rate within the channel and leads to 

a lower profile concavity (Chapter 7). In the Waal, however, this effect did not occur because of 

the overruling effect of dredging works on the profile concavity. Overbank deposition rates in 

many rivers strongly increased due to human activities (e.g. Middelkoop, 1997), but for 

downstream fining only that part of overbank deposition is relevant that stems from erosion of 

the local river bed, and whether this changed due to human activities is unknown. For the Waal it 

has been demonstrated that part of the fine sediments that are deposited on the river banks (on 

the groyne field beaches) during high flow conditions are transported back into the channel 

during low flow periods as a result of the high navigation-induced bed-shear stresses (Ten Brinke 

et al., 2004). This effect is probably greatest along the left river bank, where the vessels carry the 

heaviest freights, which may explain why the bed sediments in the left part of the river are on 

average finer than those in the right part of the river (Chapter 4).  

Temporal changes in downstream fining rate 

Given enough time, sand-bed rivers reach a situation in which aggradation keeps pace with 

external controls such as sea level rise and subsidence. In this situation the profile concavity and 

downstream fining rate are more or less constant over time. Such a semi-equilibrium situation 

can be attained at a time-scale of a few centuries in rivers of the size as the lower river Rhine 

(Chapter 7). If the external controls change, the equilibrium is disrupted and the river will react 

by changing its profile shape and bed grain size. The difference in travel velocity between fine and 

coarse grains may initially lead to overshoot effects with a temporarily very strong downstream 

fining rate (Chapter 7), but eventually a new equilibrium is attained.  

The case-study of the river Waal showed that the bed-grain size in this river strongly changed 

during the past 900 years in reaction to the external control of human interference (Chapter 4). 

There are indications that the grain size of the river Waal presently is about adapted to the human 

activities from the past (Chapter 4), but changes in external controls in the nearby future may 
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change the bed-grain size and fining rate again. The increased sea level rise that is foreseen for the 

next century, for instance, may significantly increase the downstream fining rate, because it 

enhances the backwater effect and therefore leads to a stronger profile concavity (Chapter 7). The 

importance of this effect not only depends on rates of sea level rise, but also on dredging 

strategies. Changes in dredging locations or volumes will change the profile concavity of the Waal 

and could overrule the effects of sea level rise on downstream fining. For the next decades several 

training works are planned in the Waal in order to decrease flood water levels. The changed flow 

conditions may lead to changes in downstream fining trend, but these changes are expected to be 

small (Chapter 4). Recently it has been proposed to reduce the bed degradation in the lower river 

Rhine by artificially feeding sediment into the river. Artificial sediment feeding may not only 

affect downstream fining through its effect on profile concavity, but also because fed sediments 

are often more prone to abrasion than natural sediments (e.g. Gölz et al., 1995).  

Because of the complex interaction between downstream fining processes and external 

controls, a detailed prediction of future changes in bed grain size and downstream fining rate 

requires numerical model simulations. However, although the present models can relatively well 

predict bed-level changes, the prediction of grain-size changes is highly uncertain (Chapter 7). 

This is partly because (size-dependent) input data for the models are difficult to obtain, and partly 

because many processes of selective transport and sediment sorting are not fully understood and 

not properly described by existing formulae. 

Comparison with downstream fining in gravel-bed rivers 

This thesis demonstrated that downstream fining in large sand-bed rivers is fundamentally 

different from downstream fining in smaller gravel-bed rivers. This is due to the different flow 

conditions (slope, depth), sediment characteristics (bimodality, sorting coefficient) and different 

geographical setting (Chapter 2). Most apparent is the difference in fining rate (which is several 

orders of magnitude higher for small gravel-bed rivers), but also the underlying mechanisms 

differ. Abrasion significantly contributes to downstream fining in gravel-bed rivers, but is of 

lower importance in sand-bed rivers. Selective transport in gravel-bed rivers is primarily due to 

differences in threshold of motion for fine and coarse grains, but in sand-bed rivers differences in 

threshold of motion are less important (due to the higher flow strength and lower mixture 

bimodality). Instead, the presence of suspended load may significantly contribute to the transport 

selectivity. The main sorting processes affecting the rate of selective transport in gravel-bed rivers 

are armouring and small-scale patchiness, whereas the main sorting processes in sand-bed rivers 

are dune sorting and perhaps bend sorting, which are processes that act at a somewhat larger 

scale. It is possible, however, that the effects of larger-scale processes such as bend sorting have 

been underestimated in gravel-bed river literature (see Clayton and Pitlick, 2007). The dominant 

addition-extraction processes in small gravel bed rivers are the supply of non-alluvial sediment 

from hill slopes, tributary confluences and anthropogenetic dumping of sediment, whereas the 
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dominant addition-extraction processes in large sand-bed rivers are overbank deposition, channel 

migration and river bifurcations (Chapter 2). External controls on downstream fining may also 

differ between gravel-bed rivers and sand-bed rivers, with sea level control often more important 

in sand-bed rivers and tectonic controls often more important in gravel-bed rivers.  

8.3 Downstream fining in gravel-sand transition zones 

Downstream fining in gravel-sand transition zones is, just like downstream fining in sand-bed 

rivers and gravel-bed rivers, influenced by abrasion, selective transport, addition-extraction 

processes and external controls (Chapter 6). The location of gravel-sand transitions is often 

externally forced, for instance by a backwater or a tectonically induced slope reduction, but the 

abruptness of the transitions suggests an uncommonly strong effect of the other processes. The 

role of abrasion is probably small (because the transition zone is too short for abrasion to have a 

significant effect) and the same counts for the role of sediment addition-extraction processes, 

although these may have a significant effect if tributaries or bifurcations occur within the 

transition zone (Chapter 6). This leaves selective transport as the main cause of abrupt gravel-

sand transitions. 

For small rivers, it has been proposed that the sorting of the river bed into small patches of 

sand and gravel strongly increases the transport selectivity in gravel-sand transition zones by 

reducing the mobility of gravel (e.g. Sambrook Smith and Ferguson, 1996). For the river Rhine, 

which is a much larger river, the presence of small-scale patchiness could not be evidenced, but 

the processes of bend sorting and dune sorting have a similar effect. Especially bend sorting 

reduces the mobility of gravel in the gravel-sand transition zone of the river Rhine, because the 

gravel grains in the outer bend are only mobile during floods, whereas the sand grains in the inner 

bend are mobile for most of the year (Chapter 3,6). Dune sorting reduces the mobility of gravel by 

concentrating it in deep, often immobile, bed layers. However, an overall fining upward of the 

transport layer was not observed, suggesting that this effect is not dominant at present (Chapter 

6). Opposed to the effects of bend sorting and dune sorting in the gravel-sand transition zone of 

the Rhine, are the effects of (mobile) armouring. Mobile armouring increases the mobility of 

gravel by over representing it at the bed surface. Armouring not only causes the top of the active 

layer to be coarser than the lower parts of the active layer, it is probably also the reason that the 

entire active layer (about 90 cm thick) in the gravel-sand transition zone of the Rhine is coarser 

than the sediment below (Chapter 6). Part of the present-day armouring is probably the result of 

human activities (specifically the channel narrowing between 1850 and 1920 AD), which induced 

an ongoing bed degradation (Chapter 4) in which especially the fine grains will have been 

winnowed. Therefore it is expected that the relative importance of dune sorting compared to 

armouring was greater in the period before human activity.  

In addition to sediment sorting phenomena, also rapid variations in pore structure occur in 

the gravel-sand transition of the Rhine. These were analysed with a new bed-structure model, 

Frings - From gravel to sand



 188 

which is based on a chemical engineering model that was adapted and preliminary validated for 

fluvial sediments (Chapter 5). The model shows that upstream of the gravel-sand transition, most 

of the sand is present in the pores of the gravel, whereas downstream of the transition it is part of 

the bed framework. In the gravel-sand transition zone, the river bed thus changes from clast-

supported to matrix-supported (Chapter 6). Wilcock (1998) demonstrated that this causes the 

transport process to be strongly size-selective and he and Ferguson (2003a) considered it (and the 

resulting feedbacks with respect to channel slope) to be the major cause of abrupt gravel-sand 

transitions. According to the new bed-structure model, the gravel-sand transition is initiated if 

the sand content of the river bed exceeds about 25%, but the exact value depends on mixture 

characteristics.  

The bed-structure model was not only applied to the gravel-sand transition, but to the entire 

free-flowing reach of the Rhine between the barrage of Iffezheim and the Merwedekop. This 

showed that the bed structure of the Rhine varies laterally and in streamwise direction, but that 

changes are nowhere as abrupt as in the gravel-sand transition zone. The size of the grains that fit 

in the pores of the river bed was found to decrease in downstream direction from about 2 to 0.05 

mm, covariant with the downstream fining of bed sediments. The predicted sediment porosity 

also changes downstream. It is about 35% in areas with a unimodal gravel or unimodal sand bed 

and decreases to about 15% in areas with a bimodal sand-gravel bed where the pores between the 

gravel grains are nearly completely filled with sand grains (Chapter 5). 

Characteristic for the gravel-sand transition in large rivers such as the river Rhine, is that it is 

less abrupt than the gravel-sand transition in smaller rivers. This may be due to the presence of 

dunes in large rivers, which brings about that gravel can never be completely immobile. Even 

gravel grains in outer bends or deep bed layers, which are immobile for most discharge 

conditions, are transported downstream by the high dunes during floods. In smaller rivers dunes 

are less common and disproportionately smaller. They therefore will not have a similar increasing 

effect on the mobility of gravel as in large rivers. Another possible explanation for the greater 

length of gravel-sand transitions in large rivers is the greater lithological variation of their river 

basin, which may cause the sediment mixture to be less bimodal than in smaller rivers, frustrating 

a very abrupt transition. This remains purely hypothetical. 

8.4 Applications 

In addition to their academic interest, some of the results obtained in this thesis may also be of 

practical benefit. 

The procedure of data collection and analysis described in Chapter 3 (and by Kleinhans and 

Ten Brinke, 2001) has proven to be successful and can (with minor corrections) integrally serve as 

blueprint for future measurement campaigns. Essential elements are the dense spatial resolution, 

the support of sediment-transport measurements by bed composition and flow data, the 

measuring of the grain size distribution of the transported sediment, and the combination of 
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automatic (acoustic) measurements with sampler measurements for both suspended load and bed 

load. Automatic measurements are faster and have a higher resolution, but especially for bed-

load, they need support from sampler measurements to produce reliable outcomes. 

The bifurcation dataset presented in Chapter 3, with its extensive description of flow 

characteristics, sediment transport rates and rived bed morphology at three large river 

bifurcations in the Rhine, may serve to validate theoretical bifurcation models and bed-form 

predictors, most of which are based on flume experiments.  

The historical grain size data for the river Waal reconstructed in Chapter 4 can be of use in 

river restoration studies. These studies need information on the natural state of rivers. Not only 

the historical width and depth are to be known, but also the historical value of the Shields 

parameter (as proxy for sediment dynamics). To calculate the historical Shields value, historical 

grain size data are needed, which until now were largely unavailable for the lower river Rhine 

(Chapter 4).  

The bed-structure model presented in Chapter 5 enables an accurate, spatially varying, 

prediction of the porosity of river bed sediment and may be used to improve morphological 

models, which presently often use a constant bed porosity, although in reality the porosity can 

vary significantly over short distances (Chapter 5 and 6). The bed-structure model may also be 

used to better predict the proportion of measured transport rates that contributes to 

morphological change, thus improving predictions of future changes in river bed level.  

8.5 Challenges for future research 

Now that this study has identified the main processes and controls on downstream fining in 

lowland rivers, and estimated their relative importance, future research could aim at (1) 

measuring the role of abrasion, (2) unravelling the detailed mechanisms of selective transport in 

sand bed rivers, (3) clarifying the interaction between sorting processes at the river bed, and 

incorporating them in morphodynamic (downstream fining) models, (4) better understanding 

bifurcation dynamics, especially with respect to sediment waves and transport hysteresis, and (5) 

further analysing the effects of the pore structure of the river bed on the threshold of motion for 

sand and gravel.  

Abrasion is usually thought to have a negligible effect on downstream fining in sand-bed 

rivers, but as stated above, this is not necessarily true. A better estimate of the role of abrasion can 

be obtained through a detailed analysis of the downstream changes in mineralogical composition 

of the river bed (and its substrate), which may elaborate on the work previously done in the river 

Rhine by Edelman (1934, 1948), Cailleux (1942) and Terwindt et al. (1963). It is recommendable 

to complement these measurements with tracer experiments in which (radioactively) tagged 

grains are tracked during their downstream transport for several years, so that their size reduction 

due to abrasion can be determined (e.g. Hubbell and Sayre, 1964). 
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The detailed mechanisms of selective transport in sand bed rivers are not well understood 

(Chapter 2) and need to be clarified to properly explain the very gradual downstream fining in 

lowland rivers. This is especially true for the size-selective sediment exchange between bed-load 

and suspended-load, which was found to have an important effect on downstream fining in sand-

bed rivers (Chapter 7). Future research should aim at a better understanding of the processes, but 

also at validation of interaction formulations incorporated in existing transport formulae. Such 

validation should focus on situations in which armouring and dune development interact with 

bed-load and suspended load transport. 

Sediment sorting processes on the river bed were found to have a significant effect on the 

downstream fining rate and sediment transport (Chapter 3, 6, 7). In this thesis, sorting processes 

were often assumed to act independently of each other, but in reality they compete. For instance, 

coarse grains that are buried in deep bed layers by dune sorting cannot be transported to outer 

bends by bend sorting. The situation becomes even more complex if armouring interacts with 

dune sorting and bend sorting, as is the case in gravel-sand transitions of large meandering 

lowland rivers (Chapter 6). Detailed field studies (or alternatively, flume experiments in a very 

large flume) are needed to better understand these interaction effects and to improve sorting 

predictors, which are presently often based on idealised, equilibrium, small-scale flume 

experiments. A sensible approach would be to follow tracer grains while they are involved in dune 

sorting, bend sorting and armouring. Tracer experiments in deep rivers could benefit from the 

use of a diving bell (e.g. Gölz, 1992; Gölz et al., 1995), which allows to observe visually details of 

sorting phenomena that become not apparent in corings or other-type bed samples. After 

improving sorting predictors, these should be incorporated in numerical (downstream fining) 

models in order to further study the effects of sorting processes on downstream fining.  

The sediment distribution at river bifurcations appears to have a strong effect on downstream 

fining in deltaic lowland rivers. The field data presented in Chapter 3, in combination with recent 

studies of e.g. Bolla Pittaluga et al. (2003), Federici and Paola (2003) and Mosselman (2004) have 

greatly improved our understanding of the distribution process. However, many questions 

remain to be solved, for instance with respect to the origin of sediment waves, which were found 

to be common bifurcation phenomena, and with respect to the origin of transport hysteresis 

(Chapter 3). 

The effect of pore structure on the transport selectivity and downstream fining in gravel-sand 

transition zones was stressed by Wilcock (1998), but the underlying mechanisms are still unclear. 

Part of the explanation is that fine grains can be completely sheltered from the flow in the pores of 

the coarser grains, but it is also likely that the pore structure affects the pressure fluctuations in 

the river bed, and in this way influences the threshold of motion for fine and coarse grains. Such 

an effect can be investigated by incorporating the bed-structure model (Chapter 5) in theoretical 

threshold functions (e.g. those of Vollmer and Kleinhans, 2007). Before doing so, it is 

recommended to further validate (or calibrate) the bed-structure model for a wide range of 

natural sediment mixtures.  
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Samenvatting 

 
Van grind tot zand 

De stroomafwaartse verfijning van beddingsediment in de benedenloop van de Rijn 

 

Kenmerkend voor vele rivieren is een stroomafwaartse verfijning van het beddingsediment. Dit 

verschijnsel werd reeds opgemerkt door Leonardo da Vinci (16e eeuw) en wordt nog steeds 

bestudeerd omdat een stroomafwaartse korrelgrootteafname sterke gevolgen heeft voor de 

morfologie van de rivierbedding, de waterstanden tijdens afvoergolven en de ecologie. De 

fundamentele oorzaken van een stroomafwaartse korrelgrootteafname zijn abrasie (de afslijting 

van korrels tijdens het transport) en selectief transport (het preferentiële transport van kleine 

korrels). De effecten van abrasie en selectief transport worden echter vaak overschaduwd door 

additie-extractie processen, welke zorgen voor aanvoer van riviervreemd sediment of voor 

onttrekking van sediment uit de rivier. De intensiteit van abrasie, selectief transport en additie-

extractieprocessen wordt in sterke mate bepaald door externe factoren, zoals klimaat, tektoniek en 

menselijke invloed. Onderzoek naar stroomafwaartse korrelgrootteafname heeft zich vooral 

geconcentreerd op grindrivieren. Ondanks hun sociaal-economisch belang hebben zandrivieren 

veel minder aandacht gekregen. Ook de stroomafwaartse korrelgrootteafname in de 

overgangszone tussen grindrivieren en zandrivieren (de zogenaamde grindzandovergang) is veel 

minder bestudeerd. Dit proefschrift richt zich dan ook vooral op zandrivieren en 

grindzandovergangen, waarbij de benedenloop van de Rijn als voornaamste studiegebied dient. 

Het onderzoeksdoel is het bepalen van de invloed van abrasie, selectief transport, additie-

extractieprocessen en externe factoren op de stroomafwaartse korrelgrootteafname in 

zandrivieren en grindzandovergangszones. Om dit doel te bereiken zijn verschillende methoden 

gebruikt zoals literatuuronderzoek, kaartanalyse, sedimenttransportmetingen, geologische 

boringen en computersimulaties. Na een algemene introductie (hoofdstuk 1) worden in 

hoofdstuk 2 de potentieel relevante abrasie-, selectief transport- en additie-extractieprocessen 

geïdentificeerd aan de hand van literatuuronderzoek. Hoofdstuk 3 analyseert de 

sedimentverdeling op riviersplitsingen (een belangrijk additie-extractieproces), terwijl in 

hoofdstuk 4 de menselijke invloed (een belangrijke externe factor) bestudeerd wordt. Hoofdstuk 5 

en 6 richten zich op de stroomafwaartse veranderingen in beddingstructuur en sedimentsortering 

en de invloed daarvan op grindzandovergangen. In hoofdstuk 7 wordt met computersimulaties 

het belang van verschillende selectief-transportprocessen, additie-extractieprocessen en externe 

factoren onderzocht, waarna in hoofdstuk 8 de synthese van het onderzoek volgt. 

 

Identificatie van potentieel relevante processen  

De processen die ten grondslag liggen aan stroomafwaartse korrelgrootteafname zijn 

waarschijnlijk verschillend voor zandrivieren en grindrivieren, gezien de fundamentele 
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verschillen tussen beide riviertypen. In hoofdstuk 2 worden de processen die van invloed zijn op 

de stroomafwaartse korrelgrootteafname in grindrivieren geanalyseerd, waarna bepaald wordt in 

hoeverre deze processen van belang zijn voor zandrivieren. Ook worden andere processen 

beschouwd die mogelijk van invloed zijn op de stroomafwaartse korrelgrootteafname in 

zandrivieren. Daarbij wordt onderscheid gemaakt tussen abrasie, selectief transport en additie-

extractieprocessen. De invloed van abrasie in zandrivieren is naar verwachting klein omdat de 

korrels er resistent, klein en sterk afgerond zijn. Bovendien worden de korrels vooral zwevend 

getransporteerd en zijn ze onderhevig aan een relatief zwak abrasiemechanisme. Selectief 

transport is daarom veel belangrijker dan abrasie in zandrivieren. Niettemin is de mate van 

selectief transport in zandrivieren kleiner dan in grindrivieren, omdat grote en kleine korrels in 

zandrivieren bij ongeveer dezelfde afvoer (schuifspanning) in beweging komen, maar vooral 

omdat de stromingscondities in zandrivieren vaak dermate hoog zijn, dat verschillen in begin van 

beweging tussen grote en kleine korrels onbelangrijk worden. Selectief transport in deze rivieren 

wordt waarschijnlijk vooral veroorzaakt door het zwevend transport en door de sortering van de 

rivierbedding door onderwaterduinen en in bochten. Binnen zandrivieren neemt de mate van 

selectief transport naar verwachting af in stroomafwaartse richting; er zijn zelfs aanwijzingen dat 

benedenstrooms in zandrivieren de grote korrels mobieler zijn dan de kleine korrels. Het zij 

opgemerkt dat selectief transport, in tegenstelling tot abrasie, alleen een blijvende 

korrelgrootteafname veroorzaakt als het lengteprofiel van de rivier concaaf is. Veel hedendaagse 

rivieren hebben een concaaf profiel als gevolg van externe factoren zoals zeespiegelstijging. Een 

grotere concaviteit leidt doorgaans tot meer sedimentatie en een sterkere korrelgrootteafname. De 

belangrijkste additie-extractieprocessen in zandrivieren zijn baggerwerk, uiterwaard-

sedimentatie, meandermigratie en de sedimentverdeling op riviersplitsingen. Deze processen 

hebben niet alleen een direct effect op de korrelgrootte van de rivierbedding, maar ook een 

indirect effect op de mate van stroomafwaartse korrelgrootteafname door hun invloed op het 

lengteprofiel van de rivier. Een volledige afweging van het relatieve belang van alle processen die 

van invloed zijn op de stroomafwaartse korrelgrootteafname is niet mogelijk op basis van de 

bestaande literatuur. Daarvoor zijn uitgebreide veldmetingen, gedetailleerde sedimentbalansen en 

computersimulaties vereist.  

 

De sedimentverdeling op riviersplitsingen 

Riviersplitsingen bepalen in sterke mate de verdeling van water en sediment in een riviersysteem. 

Een goed begrip van dit verdelingsproces is niet alleen cruciaal voor rivierbeheer, maar ook van 

belang om de stroomafwaartse korrelgrootteafname te verklaren. In hoofdstuk 3 wordt een 

databank gepresenteerd met hoogwatermeetgegevens afkomstig van drie grote riviersplitsingen in 

de Rijn. De meetgegevens hebben betrekking op het sedimenttransport in de rivier, de 

ontwikkeling van onderwaterduinen en de stromingseigenschappen. Uit de gegevens blijkt dat het 

sedimenttransport op de splitsingen van vele factoren afhankelijk is. Bochtsortering in de 

meanderbocht bovenstrooms van een splitsing concentreert het grove deel van het sediment in de 
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buitenbocht, waardoor de riviertak die uit de buitenbocht aftakt vooral grof sediment ontvangt, 

hetgeen leidt tot een toename in de breedtegemiddelde korrelgrootte en een discontinuïteit in de 

stroomafwaartse korrelgrootteafname. In sommige gevallen is het buitenbochtsediment vrijwel 

immobiel. De tak die uit de buitenbocht aftakt wordt dan gekenmerkt door een aanvoerbeperking 

van sediment, waardoor fijn sediment uit de bedding wordt opgenomen en de bedding grover 

wordt. Ook dit leidt tot een korrelgroottediscontinuïteit. Naast bochtsorteringseffecten heeft ook 

het getij invloed op het sedimenttransport. Getijgestuurde waterstandsveranderingen zorgen voor 

een cyclische variatie in de sedimentverdeling over de benedenstroomse riviertakken. 

Naijleffecten in duinontwikkeling en de stroomafwaartse verplaatsing van afvoergolven zorgen 

ervoor dat het sedimenttransport verschilt vóór en ná de afvoerpiek. Op alle splitsingspunten zijn 

aanwijzingen gevonden voor grote sedimentgolven, die daarom mogelijk een algemeen 

voorkomend verschijnsel zijn op splitsingspunten. Verschillen tussen de bestudeerde 

splitsingspunten zijn vooral het gevolg van verschillen in sedimentmobiliteit. Het complexe 

karakter van het sedimenttransportproces op splitsingspunten maakt dat de sedimentverdeling 

niet goed voorspeld kan worden met bestaande eendimensionale formules en computermodellen.  

 

De invloed van de mens op de korrelgrootteafname 

De mens vormt een van de belangrijkste externe invloeden op laaglandrivieren. Menselijke 

activiteit heeft invloed op zowel de stromingseigenschappen als de sedimenteigenschappen van de 

rivieren, hetgeen gevolgen heeft voor de rivierstabiliteit, het overstromingsrisico, de 

bevaarbaarheid en de kansen voor natuurontwikkeling. In hoofdstuk 4 wordt het effect van 

menselijk ingrijpen op de bodemschuifspanning (een stromingseigenschap) en de korrelgrootte 

van de Waal bepaald. Er worden verschillende soorten gegevens gebruikt, variërend van 

boorgegevens en historische rivierkaarten tot moderne stromings- en sedimentmetingen. Daaruit 

blijkt dat de bodemschuifspanning in de Waal sterk is toegenomen in de afgelopen 900 jaar. In 

diezelfde periode nam het grindgehalte van de zandige rivierbedding toe, hetgeen zorgde voor een 

vergroving van de rivierbedding. Omdat deze vergroving min of meer constant was over de hele 

rivierlengte, veranderde er weinig aan het patroon van stroomafwaartse korrelgrootteafname. In 

de periode vóór 1870 AD werd de toename in bodemschuifspanning en korrelgrootte 

voornamelijk veroorzaakt door de bedijking van de rivier. In de periode ná 1870 AD werd de 

toename vooral veroorzaakt door de rivierversmalling (de zogenaamde riviernormalisatie) en 

door baggerwerk. Het toenemende scheepvaartverkeer in de 20e eeuw zorgde voor transport van 

fijn oeversediment uit de kribvakken naar de rivierbedding, hetgeen plaatselijk heeft geleid tot een 

verfijning van de rivierbedding. Er wordt verwacht dat de schuifspanning en korrelgrootte in de 

Waal zich heden ten dage grotendeels hebben aangepast aan de menselijke ingrepen uit het 

verleden. Desalniettemin blijven recente rivierafzettingen beduidend grover dan afzettingen die 

gevormd zijn onder natuurlijke condities. Dit betekent onder andere dat berekeningen van de 

historische sedimentdynamiek voor rivierherstelprojecten niet gebaseerd moeten worden op de 

huidige korrelgrootte (zoals gebruikelijk is), maar op de historische korrelgrootte van de rivier.  
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De beddingstructuur 

Niet al het sediment dat op de rivierbedding ligt, draagt bij aan morfologische veranderingen. Het 

fijnste deel van het sedimentmengsel is vaak aanwezig in de poriën van de grotere korrels en kan 

dus verwijderd worden zonder dat de ligging (morfologie) van de rivierbedding verandert. Om 

veranderingen in de riviermorfologie goed te kunnen voorspellen dient de korrelgrootte bekend 

te zijn die de grens markeert tussen het deel van het sedimentmengsel dat zich gedraagt als 

porievulsel en het deel dat het korrelskelet van de bedding vormt (en dus wèl bijdraagt aan 

morfologische veranderingen). Omdat deze grenskorrelgrootte ook een belangrijke factor is in het 

verklaren van grindzandovergangen (zie hoofdstuk 6), wordt in hoofdstuk 5 een methode 

ontwikkeld om de grenskorrelgrootte te voorspellen. De methode analyseert de poriestructuur 

van de rivierbedding op geometrische wijze. Als invoer is alleen gedetailleerde informatie over de 

korrelgroottesamenstelling van de rivierbedding nodig. Een voorlopige validatie van de methode 

toont aan dat de voorspellingen van het poriegehalte en de grenskorrelgrootte goed 

overeenstemmen met experimentele data. De methode is bij wijze van voorbeeld toegepast op de 

Rijn, waaruit blijkt dat de grenskorrelgrootte daar afneemt van 2 mm (bij Iffezheim-Karlsruhe) 

tot 0,05 mm (bij Gorinchem). Dit betekent dat korrelgroottefracties die zich gedragen als 

porievulsel geleidelijk aan deel gaan uitmaken van het korrelskelet verder benedenstrooms. In 

rivierdelen met een unimodale grind- of zandbedding blijkt dat vrijwel al het sediment deel 

uitmaakt van het korrelskelet. In rivierdelen met een bimodaal grindzandmengsel echter, gedraagt 

tot 22% van de totale sedimentlast zich als porievulsel. Het voorspelde poriegehalte varieert van 

0,15 tot 0,35, hetgeen beduidend minder is dan de vaak gebruikte standaardwaarde van 0,40. Een 

belangrijke toepassingsmogelijkheid van de nieuwe methode om de grenskorrelgrootte en het 

poriegehalte te berekenen is het verbeteren van morfologische voorspellingen. Verder is de 

mogelijkheid om snel te bepalen of een sedimentmengsel bestaat uit een skelet van grove korrels 

(met fijne korrels in de poriën) of juist uit een skelet van fijne korrels (met hier en daar een 

grotere korrel ertussenin) van nut; in de eerste plaats voor het verklaren van de stroomafwaartse 

korrelgrootteafname in grindzandovergangen (hoofdstuk 6), maar ook voor het beter begrijpen 

van het begin van sedimentbeweging en variaties in hydraulische doorlatendheid. Tot slot zij 

opgemerkt dat de grenskorrelgrootte die in hoofdstuk 5 is bepaald, niet gelijk is aan de 

grenskorrelgrootte tussen het zogenaamde spoeltransport en bodemmateriaaltransport. Deze 

laatste grenskorrelgrootte is doorgaans kleiner en voornamelijk afhankelijk van de 

stromingscondities in plaats van van de beddingsamenstelling.  

 

De sedimentologie van grindzandovergangen 

Grindrivieren gaan vaak nogal plotseling over in zandrivieren. De locatie van 

grindzandovergangen wordt vaak extern geforceerd, maar de abruptheid van de overgang 

suggereert een ongebruikelijk sterk effect van selectief transport en (in mindere mate) abrasie. 

Hoewel in de afgelopen jaren verschillende verklaringen voor deze plotselinge 

grindzandovergangen zijn geopperd, zijn er weinig meetgegevens beschikbaar om deze 
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verklaringen te onderbouwen. In hoofdstuk 6 worden de sedimentaire eigenschappen van de 

grindzandovergang in de Rijn geanalyseerd. Dit gebeurt met meetgegevens over de 

beddingsamenstelling, de waterstroming en het sedimenttransport, èn met de theoretische 

voorspeller van de beddingstructuur die is ontwikkeld in hoofdstuk 5. Daaruit blijkt dat de 

rivierbedding bovenstrooms van de grindzandovergang bestaat uit een skelet van grindkorrels 

met zandkorrels in de poriën, terwijl de rivierbedding benedenstrooms van de grindzandovergang 

bestaat uit een skelet van zandkorrels met af en toe een grindkorrel ertussen. Dit is in 

overeenstemming met hypothesen uit de literatuur en zorgt waarschijnlijk voor een grote, 

plotselinge, toename van de mobiliteit van het zand en is daarmee een verklaring voor de 

abruptheid van grindzandovergangen. De mobiliteit van zand en grind in grindzandovergangen 

wordt sterk beïnvloed door bochtsortering, waarbij grindkorrels worden geconcenteerd in de 

buitenbochten van meanders, waar ze alleen in beweging komen bij hoogwaters. Duinsortering 

zorgt ervoor dat grindkorrels begraven worden in de rivierbedding en zorgt dus ook voor een 

afname van de mobiliteit van het grind. Duinsortering wordt echter tegengewerkt door 

afpleisteringsprocessen (het wegspoelen van zand uit een grindbedding), die (althans in de Rijn) 

actief zijn in een ongebruikelijk dikke laag sediment. Analyse van een dataset van 

grindzandovergangen uit de literatuur toont aan dat de overgangen in grote rivieren veel langer 

zijn dan in kleine rivieren. Dit kan het gevolg zijn van de aanwezigheid van duinen in grote 

rivieren die de bedding voortdurend omwoelen, maar het kan ook komen door de grotere 

lithologische variatie in het stroomgebied van grote rivieren.  

 

Computersimulaties van de korrelgrootteafname  

Uit hoofdstuk 2 is gebleken dat de stroomafwaartse korrelgrootteafname in zandrivieren vooral 

wordt bepaald door selectief transport, additie-extractie processen en externe factoren. In 

hoofdstuk 7 wordt het relatieve belang van een aantal van deze processen bepaald. Dit gebeurt 

met een computermodel dat is ontwikkeld op basis van de Delft3D software. De modelresultaten 

tonen aan dat zeespiegelstijging en een stroomafwaartse toename in rivierbreedte (beide externe 

factoren) leiden tot de ontwikkeling van een concaaf lengteprofiel, hetgeen een voorwaarde is 

voor het ontstaan van een permanente stroomafwaartse korrelgrootteafname. Selectief 

bodemtransport blijkt belangrijker te zijn dan selectief zwevend transport als oorzaak voor de 

stroomafwaartse korrelgrootteafname, wat contrasteert met eerdere studies. Het verschil kan 

verklaard worden door de geringere sedimentmobiliteit in de huidige studie. Het 

sedimentextractieproces uiterwaardsedimentatie zorgt voor een kleinere korrelgrootteafname, 

omdat veel fijne korrels vanuit de rivier naar de uiterwaarden worden getransporteerd. Het 

sedimentextractieproces meandermigratie zorgt daarentegen voor een sterkere 

korrelgrootteafname, met name omdat het zorgt voor een concaver lengteprofiel. De 

modelresultaten zijn erg gevoelig voor de bovenstroomse sedimentaanvoer, hetgeen suggereert 

dat de sedimentverdeling op splitsingspunten niet alleen zorgt voor korrelgrootte-

discontinuïteiten (hoofdstuk 3), maar ook een sterke invloed heeft op de korrelgrootteafname in 
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de benedenstroomse takken. Uit de modelresultaten blijkt verder dat de stroomafwaartse 

korrelgrootteafname zich heel snel (binnen decennia) kan ontwikkelen, uitgaande van een 

aanvankelijk uniforme bedding. De morfologie van de rivierbedding (met name het lengteprofiel) 

verandert veel langzamer. Na enkele eeuwen bereikt het lengteprofiel een dynamisch evenwicht 

en vanaf die tijd blijft de stroomafwaartse korrelgrootteafname constant. Een vergelijking van de 

modelresultaten met metingen uit de Waal toont redelijke overeenstemming. Over het algemeen 

is de voorspelde korrelgrootteafname iets kleiner dan de waargenomen afname, hetgeen wordt 

toegeschreven aan de versimpelde procesbeschrijvingen in het model, aan onzekerheden wat 

betreft invoerparameters en aan het feit dat het model geen rekening houdt met menselijke 

invloeden zoals riviernormalisatie en baggerwerk. Bovendien wordt in het model (vooralsnog) 

geen rekening gehouden met de invloed van duinsortering op de mate van selectief transport, 

terwijl dit mogelijk wel van belang is.  

 

Synthese 

De fundamentele oorzaak van de stroomafwaartse korrelgrootteafname in zandrivieren is selectief 

transport. Dit vindt plaats tijdens bodemtransport én tijdens zwevend transport en wordt 

waarschijnlijk versterkt door duinsortering. Abrasie speelt een sterk ondergeschikte, maar 

mogelijk niet geheel verwaarloosbare, rol. De mate waarin de korrelgrootte afneemt wordt niet 

alleen bepaald door selectief-transportprocessen, maar ook door additie-extractieprocessen en 

externe factoren. De belangrijkste additie-extractieprocessen in zandrivieren zijn de 

sedimentverdeling op riviersplitsingen, uiterwaardsedimentatie, meandermigratie en baggerwerk. 

De belangrijkste externe factoren zijn zeespiegel(stijging), tektoniek en de mens. 

Grindzandovergangen worden vaak extern geforceerd, maar de abruptheid van de overgangen is 

het gevolg van sterk selectief transport (abrasie is wederom van ondergeschikt belang). Het sterk 

selectief transport is het gevolg van sorteringseffecten (bochtsortering, en in mindere mate 

duinsortering) en van snelle variaties in de poriestructuur van de rivierbedding.   

Nadat in dit onderzoek de belangrijkste invloeden op de stroomafwaartse 

korrelgrootteafname in zandrivieren en grindzandovergangen zijn geïdentificeerd en onderzocht, 

zou toekomstig onderzoek zich kunnen richten op: het meten van de rol van abrasie, detailanalyse 

van selectief transportprocessen in zandrivieren, verheldering van de interactie tussen 

sorteringsprocessen, het inbouwen van sorteringsprocessen in computermodellen ter simulering 

van de korrelgrootteafname, beter begrip van sedimentgolven en hysterese-effecten op 

splitsingspunten en verdere analyse van het effect van de poriestructuur van de rivierbedding op 

het begin van beweging van grind en zand. Toepassingsmogelijkheden van de 

onderzoeksresultaten zijn onder andere: verbetering van morfologische modellen (met het 

ontwikkelde porositeitsmodel), ondersteuning van rivierherstelprojecten (aan de hand van de 

verzamelde historische korrelgroottedata) en toetsing van theoretische splitsingspuntmodellen en 

duinvoorspellers (op basis van de gemaakte splitsingspuntdataset).  
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Appendix 1 – Symbols used in Chapter 5 

 
α Constant in the Paola-Parker method (-) 

β  Diffusivity ratio (-) 

βhl, γhl Constitutive coefficients in Eq. 5.3, for interaction of grains within 

 the controlling mixture (-) 

εcp Porosity of sediment coarser than Dc,p (-) 

εi  Initial porosity (-) 

εtot Total porosity of a mixture (-) 

θ Total Shields shear stress (-) 

θ’ Shields shear stress due to skin friction (-) 

κ  Von Karman constant (-) 

ν Kinematic viscosity of water (m2 s-1) 

σ  Arithmetic standard deviation of bed material (log scale) 

 

a Constant in Eq. 5.5 (=1.3x10-7) 

cbi Volumetric concentration of suspended grains of size i near the river bed (-) 

ci Vol. conc. of suspended grains of size i (-) 

cw Vol. conc. of suspended wash-load grains averaged over the water depth (-) 

D1, D10 1st, respectively 10th percentile of the bed grain size distribution (m) 

D50  Median grain size of the bed material (m) 

Dc,p  Cut-off size between pore-filling load and bed-structure load (m) 

Dc,w  Cut-off size between wash load and pore-filling load (m) 

Dh, Di Diameter of respectively grain size fraction h and i (m) 

Dj, Dl  Diameter of respectively grain size fraction j and l (m) 

Ei  Entrainment rate of grains of size i (-) 

fij, gij Constitutive coefficients in Eq. 5.1 and 5.2, for the porosity effect of grains  

 outside the controlling mixture (-) 

g Gravitational acceleration (m s-2) 

M, N Coarsest, respectively finest, grain size fraction in the controlling mixture (-) 

p0 Initial packing density of controlling mixture (see appendix) (-) 

pi
mix  Packing density of controlling mixture (-) 

pj  Initial packing density of size fraction j (-) 

r  Size ratio between small and large grains (-) 

rij,rji,rlh Size ratio between grain size fractions i and j, j and i, or l and h (-) 

Q Water discharge (m3 s-1) 

R Relative submerged density (1.65) 
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Repc Reynolds particle number for Dc (-) 

Repi Reynolds particle number for grains of size i (-) 

Rfc, Rfi Dimensionless settling velocity for respectively wash-load grains and  

 grains of size i (-) 

Sij Slope coefficient in the porosity model (-) 

Ti Mobility parameter in Eq. 5.5 (-)  

u*  Shear velocity (m s-1) 

u*’  Shear velocity due to skin friction (m s-1) 

V0 Initial specific volume of controlling mixture (Eq. 5.3) (-) 

Vi ,Vj Initial specific volume of respectively size fraction i and j (-) 

Vi
mix

 Specific volume of the controlling mixture, centred around size fraction i (-) 

Vtot Total specific volume (-) 

Vtot,i  Estimate of the total specific volume, calculated from size fraction i (-) 

ws   Settling velocity (m s-1) 

wsi Settling velocity of grains of size i (m s-1) 

Xh, Xi  Fraction content of respectively grains of size h and i in the river bed (-) 

Xj, Xl Fraction content of respectively grains of size j and l in the river bed (-) 

XG, XS Fraction content of gravel (> 4 mm) and sand (< 1 mm) 

Xw Fraction content of wash-load grains in the river bed (-) 

Y Fraction content of the controlling mixture (-) 

Z, Zcr Actual and critical Rouse number (-) 
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Appendix 2 –  Coefficients and indices in Chapter 5  

 

  
Coefficients βhl, γhl, fij and gij (Yu and Standish, 1991, 1993) 

 

( ) ( )
1.4566( ) 2 3 4010.288 10 1.0002 0.1126 5.8455 7.9488 3.1222

p

hl lh lh lh lhβ r r r r
−

= × − + + − +           

 

( )(

)

2 3 4
0 0 0 0

2 3 4

1.3092 15.039 37.453 40.869 17.110 1.0029 0.3589

10.970 22.197 12.434

hl lh

lh lh lh

γ p p p p r

r r r

= − + − + − − + +

− +
 

 

2

2 2

(1 ) (1 ) 1 2.35 1.35

(1 ) (1 ) (1 2.35 1.35 )

mix mix mix
i j i i j ji ji

ij mix mix mix mix
i j ji i i i j ji ji

p p p p p r r
f

p p r p p p p r r

  − + −  − +  =  
  − + + − − +  

 

 

2

2 2

(1 ) 1 2.35 1.35

1 (1 ) (1 2.35 1.35 )

mix
j j i ij ij

ij mix mix
ij i i j ij ij

p p p r r
g

r p p p r r

  + − − +
=   
  − + − − +  

    

 

with: p0 = 1/V0, pi
mix = 1/Vi

mix, pj = 1/Vj, rlh = Dl/Dh, rji = Dj/Di and rij = Di/Dj. For the calculation of 

βhl and γhl, rlh should be smaller than, or equal to 0.741 (if rlh > 0.741, then βhl = γhl = 0).  

 

 

Indices M and N (this thesis) 

 

M = K  if: 1/0.154K i KD D D
−

≤ <  

 

N= K  if: 1 0.154K i KD D D
+

< ≤  

 

Note that M = 1 if: Di/0.154 > D1. In this case the second term at the right-hand side of equation 

5.2b should be set equal to 0. Note also that N = n if: 0.154Di < Dn. In this case the third term at 

the right-hand side of equation 5.2b should be set equal to 0.  

 

 

Symbols are defined in Appendix 1 (previous page). 
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