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Aan mijn vader,
die mij naar de natuur en de rest van het heelal leerde kijken (“Observo, ergo sum”),
en mij wel van de straat maar niet uit de goot wist te houden.

“The value of philosophy is, in fact, to be sought largely in its uncertainty. ... Philosophy, though
unable to tell us with certainty what is the true answer to the doubts which it raises, is able to suggest
many possibilities which enlarge our thoughts and free them from the tyranny of custom ... and it
keeps alive our sense of wonder by showing familiar things in an unfamiliar aspect.” Bertrand Russell
(1912, p. 91, The problems of philosophy, Oxford University Press, Oxford)
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1

General introduction

1.1 Rationale
1.1.1 Between sand-bed rivers and gravel-bed rivers

The behaviour of sand-bed rivers and of gravel-bed rivers is well understood compared to the
behaviour of rivers with mixtures of sand and gravel (sand-gravel bed rivers). Sediment can be
divided into sand (<2mm) and gravel (>2mm). Sand-bed rivers generally show the presence of
subaqueous dunes as the dominant bedform type. The behaviour of the dunes is dependent on the
bed sediment characteristics. In rivers with fine sand beds, the dunes emerge sooner and grow
higher than in rivers with coarse sand beds. In gravel-bed rivers, dunes may never occur, but other
bedform types (e.g. bars) may. More important, the river bed may be armoured by a coarse gravel
layer, which prevents the entrainment of sediment during moderate discharges.

Between these two extremes, there are river reaches with both sand and gravel in the bed along
a considerable length in between the upstream gravel-bed river and downstream sand-bed river.
Large sections of the rivers Meuse (The Netherlands), Rhone, Allier (France), Fraser (Canada), Elbe
(Germany), Mississippi (United States of America) and the Nile (Egypt) for example, have both
sand and gravel in the bed. In the Dutch Rhine, significant amounts of gravel (circa 60-20%) are
present in the bed over distances as far downstream as 60 kilometers in the Waal and 25
kilometers in the IJssel from the border between Germany and the Netherlands. These are all
large river systems, in which dunes may occur simultaneously with sorting effects (e.g. armour
layers). The interaction between these phenomena is not well understood. It is therefore important
to gain more understanding of the fundamental processes in sand-gravel bed rivers.

1.1.2 Emergent characteristics of sand-gravel bed rivers

A mixture of sand and gravel may exhibit sorting phenomena that occur only in poorly sorted
sediment. This is illustrated with two ‘grocery store examples’ (see fig. 1.1), which serve to
illustrate that the knowledge of sand-bed and gravel-bed rivers cannot be straightforwardly
applied to sand-gravel bed rivers.

Consider a (subaerial) pile of potatoes and lemons, over which a large bag of (dry) salt is poured
out (see fig. 1.1). The salt will percolate downwards through the pores between the potatoes and
lemons. This vertical sorting is only possible due to the large difference in ‘grain size” between the
two size classes but no grains of intermediate sizes. Sediments of this type are called bimodal, as
opposed to unimodal sediment in which the intermediate grain sizes are abundantly present. Thus,
in rivers with bimodal sediment, the percolation phenomenon may emerge and cause significant
sorting.

Sorting may also occur with less large grain size differences. Consider a bowl of mixed nuts, which
is being shaken (see fig. 1.1). The larger nuts will appear at the surface, while the smaller peanuts
collect at the bottom of the bowl. Due to the shaking, the pore space between the nuts is
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increased. The peanuts may move downwards through this pore space. As a result, the large nuts
are pushed upwards, even though their mass is larger. Due to this kinematic sorting mechanism,
rivers with coarse sand and fine gravel may exhibit significant sorting as well, both in a plane bed
and in the bedforms.
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Figure 1.1. Two ‘grocery store examples’ of phenomena that emerge only in rivers with both sand and
gravel in the sediment. In the first, the small grains (salt) percolates through the pore space of the
large grains (potatoes and lemons). In the second, the size difference between the two grain species
(large nuts and peanuts) is smaller, but the shaking enables the peanuts to move downwards, on
average pushing upwards the large nuts.

1.1.3 Relevance

Understanding of the behaviour of dunes and of sediment transport is essential, because they are
intimately related to local water levels of the rivers. The extremely high discharges in the rivers
Rhine and Meuse (the Netherlands) during the winters of 1993-1994 and 1995 almost caused
dike bursts and inundation of inhabited and economically important areas. Although rainfall and
snowmelt in the river catchment area are the primary sources for the water discharge, the local
water levels are also determined by the state of the river bed. At rising discharge, subaqueous
dunes emerge on the bed of the river Rhine in the eastern Netherlands. These dunes have a height
in the order of 0.5-1.5 m and length of 20-100 m, and have a much higher resistance to the flow
than a plane river bed. Due to this additional resistance, the water level rises. How much it rises,
is well known for lower river discharges that occur frequently. For extreme discharges on the other
hand, the prediction of the exact water level rise is very uncertain, because the dune behaviour and
development is, especially in sand-gravel sediment, not well understood.

On a decennium time scale, river bed degradation or aggradation is determined by changes in the
sediment balance of the river, which depends on the gradients in sediment transport along the
river and on human activities like sand mining in the river bed. Aggradation and degradation
affect both the flood water levels and the water depth available for shipping. Shipping is intense
on the river Rhine and of large economic importance for the Netherlands, Germany, France and
Switzerland. Sediment transport of sand-gravel mixtures is, however, not well understood.

In the coming decennia, the flooding risks in the Rhine catchment may increase due to climate
change. Climate-change based catchment models suggest that both very low and very high
discharges will occur more frequently. In order to assess the impact on (1) water levels, the related
flooding risks and (2) the navigation constraints, again the fundamental processes of sediment
transport and dune behaviour must be understood for a large range of temporal and spatial scales,
including the range beyond the most frequently occurring and observed conditions.
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1.2 General objective

The process through which all natural morphological changes of the alluvial river bed take place,
is (gradients in) sediment transport. The general approach to study river behaviour on short time
scales, is to consider the river as a morphodynamic system (see figure 1.2). Morphological change
is caused by gradients in the sediment transport (more sediment coming into a reach than going
out results in aggradation, and vice versa for degradation). The morphological change will in turn
affect the water flow.

Morphodynamic system

* average flow
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¢ turbulence

¢ transport rate
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* bedform propagation

Figure 1.2. A representation of a morphodynamic system for alluvial rivers.

This study focusses on sediment transport processes. Sediment transport is the sliding, rolling,
saltating and suspended motion of bed material due to the shear of the water flow over the river
bed. The sliding, rolling and saltating motion is called bedload transport, and the other suspended
load transport. The wash load, which consists of silt and clay, is not considered herein, because
these play no role in the river bed dynamics of sand-gravel bed channels. They do play a role in
floodplain building, which is not considered in this study.
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Figure 1.3. Time-space diagram of alluvial processes and phenomena. The extent of scales covered in
this study is denoted with the box.

The sediment transport by the turbulent river flow takes place on a time scale of seconds and a
length scale of meters at most (see figure 1.3), while the development of bend flow and river
meanders is expressed on much longer scales. Phenomena occurring at different scales must
obviously interact. On the ‘river behaviour during one discharge wave’ - scale, the smaller scale
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turbulence might be considered a source of stochastic variation for that larger scale, while the river
meandering and long term bed level change on the other hand, may be considered as an external
forcing on the smaller scale.

However, it may be that a small-scale phenomenon also affects phenomena at larger scales, in
which case the smaller-scale phenomenon can no longer be considered stochastic variation for the
larger scale. This would lead to complex behaviour that cannot be understood at the scale of
interest only. An example is sediment transport over dunes. Irregularities at the scale of grain
movement grow out to larger scale phenomena like dunes, which then in turn affect the grain
movement rate and spatial pattern of grain movement and grain size sorting. The interaction of
the process of sediment transport on the scale of grains and dunes is the central theme of this
study. The study is limited to the length scales of grains and bedforms, with those of turbulence
and river meanders as boundary conditions, and the dune formation process is not addressed.

Figure 1.4. Oblique photograph of the bed in one of the flume experiments presented in chapter 4.
A bedform is present which consists mainly of sand. In the trough zone and below the bedform, an
armour layer is present.

In the past century, research by engineers and geophysicists on sediment transport primarily
focussed on the scale of grains. Dunes were considered to have an effect on the flow only. At the
same time, sedimentologists were attracted by deposits of dunes and other bedforms as the
building units of alluvial sand (and gravel) bodies. However, it may be that the sediment mixture
in these deposits is sorted. Sediment transport and dunes are then obviously related, because the
deposits of dunes due to one discharge wave (waning phase) are re-entrained during the next
discharge wave. Recently, physicists became interested in the complex behaviour of sediments
with a range of grain sizes, and explored this behaviour from a physical point of view (mainly
ignoring the work done by Allen and Bagnold and many others in the preceding decades). The
three fields of knowledge are somewhat separated by a disciplinary gap: the sedimentologists
concentrated on the, often qualitative, study of deposits and depositional processes, while
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engineers and process-geomorphologists mainly studied the sediment transport process, and
physicists studied sediment mixture behaviour in conditions that are hardly relevant for natural
sedimentary systems. Driven by the practical necessity of managing rivers and flood mitigation,
interaction between the fields has recently started. This Ph.D. thesis is a result of an attempt to
bring the three further together.

Most rivers described in literature are either sand-bed or gravel-bed rivers, while rivers with a
mixture of sand and gravel have received less attention. Yet, sand-gravel bed rivers deserve
attention, as aspects of their behaviour cannot be understood from the knowledge of sand or
gravel-bed rivers. In rivers with mixtures of sand and gravel, both the emergence of dunes as well
as armouring is evident (see figure 1.4). Furthermore, a number of special effects occur, like
vertical sorting of the sediment in the dunes, and the hiding of small grains in the lee of large
grains, which in turn are more exposed to the flow. The impact of these effects on the river bed
morphology and sediment transport depends in a rather subtle way on mixture characteristics such
as the bimodality (bimodal sediment consists for instance of coarse gravel and fine sand, but not
the fine gravel and coarse sand) and the gravel / sand ratio. Thus the response of a sand-gravel bed
river to a discharge wave is not simply more sediment transport and larger dunes, but is the result
of a complex interaction between the dune behaviour and the grain-size selective sediment
transport. The morphological response may obviously be different from that in a river with only
gravel or well sorted sand.

In the recent past, a number of morphodynamic models have been developed for the calculation
of sediment mixture transport and the resulting morphological changes. However, it has not yet
been possible to hindcast the relevant aspects of the behaviour of rivers with sand-gravel sediment
during floods, because not all relevant processes are included in these model concepts and not all
relevant processes are well understood.

Summarizing, the general aim of this thesis is to gain better understanding of the sediment
transport and depositional processes of sand-gravel mixtures in the presence of dunes.

1.3 Organisation of the thesis

“

e and organised??” Paul Dekkers

The thesis is divided in two parts; part 1 concentrates on the sediment transport process, and
part 2 concentrates on the sediment sorting in the depositional processes.

Chapter 2 summarises the literature which is relevant to the aim of this thesis, states the specific
objectives and gives hypotheses with the insights distilled from the review. Most of the reviewed
literature refers to the sediment transport process, and some to the sediment sorting processes in
general.

The research reported in this thesis is essentially empirical, as it is based on flume experiments and
field measurements. Field measurements of sediment transport, however, have notoriously large
errors. The first step (in chapter 3) is therefore to determine an optimal strategy for in situ
measurements of sediment transport in relation to the natural variability of sediment transport,
and to find a decision tool for setting up a sampling program in a river based on a pre-defined
level of accuracy (say, a stochastic error of 20%). This chapter is based on field measurements done
in 1997 in the upstream stretch of Dutch Rhine branches, and investigates the spatial and
temporal patterns of bedload transport in a large sand-gravel bed river with fixed banks and low
sinuosity.
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Chapter 4 is an inventory of observed bedform types in both literature and the experiments and
measurements given herein. The occurrence and the stability of these bedform types are compared
to those of bedforms in uniform sediment. The emphasis is on conditions with low or zero mobility
of the coarse sediment in the river bed, which can be considered as one of the two limits of this
Ph.D. study (the other limit is well-sorted sediment for which mobility differences between grains
of different diameters are obviously irrelevant). The first (of three) set of experiments, which were
done in the Sand Flume of WL | Delft Hydraulics, is introduced.

Chapter 5 attempts to adapt existing bedload sediment transport predictors for the case of
sediment mixtures and flow conditions with incipient or full mobility of the coarsest sediment,
including the effect of near-bed turbulence. The Sand Flume experiments and two existing
datasets of sediment transport in natural rivers are used for the validation of the transport
predictor.

Testing the relevance of the concepts developed so far, is done with field measurements in chapter
6. Using the measurement strategy developed in chapter 3, measurements during a large
discharge wave in the Waal were done in 1998. In addition, the calibration of the instrument (i.e.
systematic errors) is discussed and verified. The sediment transport in 1998 appeared to show a
number of unexpected trends which could be related to sediment sorting and behaviour of dunes.
A full hindcast of the sediment transport with the predictor constructed in chapter $ is, therefore,
found to give unrealistic results.

The study of dune behaviour, the effects on the flow (hydraulic resistance) and indirect effects on
sediment transport is under way by Antoine Wilbers in his PhD project, while the sediment
sorting and its effects on sediment transport is addressed in part 2 of this thesis.

In chapter 7, data and concepts related to the sediment sorting process in grain flows at the lee-
side of dunes are reviewed. This reveals that those sorting processes are not well understood at all
and have not yet systematically been studied in experiments-or in the field. The available data is
synthesised to excerpt the most important phenomena and variables for the benefit of experiment
design.

The second set of experiments (chapter 8) provides a systematic dataset and observations of the
sediment sorting processes at the lee side of dunes. This set of experiments was done in a small
flume at St. Anthony Falls Hydraulics Laboratory with several sediment mixtures and systematic
variation in the flow conditions, the design of which was based on the findings in chapter 7. The
applicability of this dataset to natural dunes is evaluated by comparison of the variables that are
the most important for sorting in the experiments, and in three field datasets.

The next step (in chapter 9) is to determine how sediment is sorted by bedforms in the channel
bed in the course of several discharge events, and how this sorting affects the sediment transport
process. The result is a behavioural model of vertical sorting by dunes, of which the results
compare favourably with the data of the river Rhine (chapter 6).

A controlled set of experiments was done in the Tilting Bed Flume at St. Anthony Falls
Hydraulics Laboratory (chapter 10) to study the sediment sorting by irregular dunes in non-
equilibrium conditions. A sand-gravel mixture was subjected to two discharge peaks in order of
decreasing magnitude, with periods of low flow before, in between and after the events. The
observations of sorting in the bed sediment corroborate that the sorting in the deposits is largely
determined by dune behaviour.

The results of the whole project are synthesized (chapter 11). The role and importance of the
interaction between the transport on the grain scale and the bedforms is discussed for a range of
conditions. Furthermore, it is discussed which processes and interactions should be included in
future models for realistic modelling of the river. Finally, a number of serious hiatuses in the
present understanding of the sediment transport and deposition processes are outlined.
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2

Review, problem definition, objectives and
hypotheses

“... the success of current scientific theories is no miracle. It is not even surprising to
the scientific (Darwinistic) mind. For any scientific theory is born into a life of fierce
competition, a jungle red in tooth and claw. Only the successful theories survive - the
ones which in fact latched on to actual regularities in nature.” Bas van Fraassen
(1980: p. 40, The scientific Image, Clarendon Paperbacks, Oxford)

2.1 Introduction
2.1.1 Objective

The objective of this review is to discuss the controls on sediment transport in a large range of
river flow and sediment characteristics with special emphasis on sorting processes in sand-gravel
mixtures. First some general characteristics of sand-bed and gravel-bed rivers are given. Points of
discussion are what the characteristics of sand-gravel bed rivers may be, and to what extent the
characteristics of both sand and gravel-bed rivers may occur in sand-gravel bed rivers. In addition,
typical phenomena for sand-gravel bed rivers are indicated. Next a short review is given of the
present engineering approaches to the prediction of sediment transport of uniform sediment.
Then, the controls of sediment sorting on sediment transport are discussed for three length scales:
the grain scale, the bedform scale, and the meander scale. On the grain scale, the effect of sorting
is mainly on the incipient motion. This is discussed for unimodal and bimodal mixtures.
Furthermore the role of near-bed flow turbulence is elaborated. On the bedform scale, sorting
mainly determines the availability of different grain sizes for bedload transport. Both horizontal
and vertical sorting are discussed, as well as the interaction between flow turbulence, bedforms
and the sorting in bedforms. Sorting on the meander scale is discussed to determine whether this
acts as a large-scale boundary condition on the sediment transport, or must be considered in the
same detail as bedforms. Finally, the shortcomings of present approaches to non-uniform sediment
transport prediction are identified in the light of sorting on different length scales.

2.1.2 Sand-bed rivers and gravel-bed rivers

When a river is followed in its course from the mountains to the sea, the bed sediment of rivers
generally appears to fine downstream. Although many small rivers are either sand-bed or gravel-
bed rivers depending on the characteristics of the sediment delivered from their catchments, many
large rivers show a downstream fining trend in their sediment and therefore have stretches with
bed sediment composed of a mixture of sand and gravel in varying proportions. In addition,
sediment input from tributaries may lead to wide mixtures.

In the past, the processes in sand-bed rivers and gravel-bed rivers have been studied extensively.
Bedform stability and height predictors are available, as well as sediment transport predictors (cf.
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Van Rijn 1993). Typical characteristics of many sand-bed rivers are summarized below, with

emphasis on the lower river Rhine (lower Waal and Merwede) in the Netherlands:

. low energy gradient, significant low discharges and high magnitude floods for periods in
the order of weeks,

o meandering planform, with pools in the outer bend and pointbars in the inner bend, and
riffles in between the bends, and rather stable banks (although there exist some sand-bed
rivers that are braided),

. rather well sorted bed sediment, and silt and clay in the bank and overbank deposits,

o ripples at low discharges, and dunes at higher discharges, and in some conditions
secondary dunes superimposed on primary dunes,

. significant sediment transport, even at low discharges, as the critical threshold for initial

motion of sand is very low compared to the occurring flow conditions.

Gravel bed rivers have been studied as well (cf. Mosley 2001), although the emphasis has been on
small rivers rather than on large ones. This is because large gravel-bed rivers are rare, and because
the technical difficulties of field measurements in large gravel-bed rivers are large. Consequently,
not many predictors are available for the armour layer composition, sediment transport, bedform
and bar stability and planform (cf. Mosley 2001). Yet a number of predictors are available, and
much is qualitatively known of gravel-bed rivers. Typical characteristics of gravel-bed rivers are:

. high energy gradient, very low discharges and flashfloods for periods in the order of hours
or days,

o step-pool or braided planform, with braid bars and unstable banks (although there exist
meandering gravel bed rivers as well),

. poorly sorted sediment and a range of grain sizes represented in the bed,

. when the gravel is mobile, the finer sediment is already fully in suspension,

o coarse gravel surface layer (‘armour layer’) during low discharge, which breaks up at a high

discharge above the critical entrainment threshold of the armour layer,

J almost no sediment transport below the critical entrainment threshold of the armour layer,
and large transports only in high-magnitude floods,

. sediment transport is partly a function of the armour layer development in previous floods.

The mobility of the sediment is thus one of the most important parameters to explain differences
between sand-bed and gravel-bed streams. The dimensionless Shields parameter (dimensionless
shear stress) gives the balance between sediment entrainment and settling forces and thus
indicates the sediment mobility. Figure 2.1 gives the mobilities of a dataset of sand-bed and
gravel-bed rivers, and of the experiments and data provided in this thesis. The point of this figure
is not that it is exhaustive with data representing all types of rivers in the world, but that there
seems to be a natural divide between sand-bed streams and gravel-bed streams. A similar divide
between a population of sand-bed rivers and gravel-bed rivers is apparent in a dataset of rivers
used for a river pattern analysis by Van den Berg (1995).

There are many possible reasons for this (see Parker in prep. for discussion). One reason is that
some catchments have such rock characteristics that they mainly deliver cobbles and gravel, while
other rock types yield mainly sand. Another reason is that the river sorts and abrases its sediment
along its course, mostly with a downstream fining trend as a result. The gravel grains suddenly
fall apart into sand grains leading to a sudden transition from gravel-bed to sand-bed rivers. Yet,
many rivers and river reaches can be found (for example in Japan (Parker in prep.)) which have
sand and gravel in comparable amounts in the bed. As examples, the sand-gravel reaches of the
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rivers Allier (France) (Van den Berg et al. 2000), Meuse (The Netherlands) (Duizendstra 1999)
and Rhine near Pannerdensche Kop (The Netherlands) (Ten Brinke 1997) are plotted in figure
2.1, and indeed they plot in between the two populations.
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Figure 2.1. Mobility of sediment in sand-bed rivers and gravel-bed rivers (after Parker in prep.). The
Shields parameter is a dimensionless shear stress, in this case for bankful discharge. The grain size is
the median size. The data are from small gravel-bed rivers in Wales (UK), Alberta (Canada) and Idaho
(USA), and sand-bed streams extracted by Wright & Parker (in prep.) from Church & Rood (1983).
The criteria of Shields and Bagnold indicate the transitions from immobile bed to bedload transport
and from bedload to suspended load, respectively. In addition, points representing the rivers Allier
(near Moulins, France, see chapter 4), Rhine (near Pannerdensche Kop, The Netherlands, see chapter
6) and Meuse (Grensmaas near Maaseik, The Netherlands) are given, as these rivers play a role in this
thesis. Also the laboratory flume conditions (peak discharge) of two of the experimental programmes
reported in this thesis are given (Flume 1 is Sandflume in the Netherlands, see chapter 4 and 5, Flume
2 is Tilting bed flume in Minneapolis, USA, see chapter 10).

Rivers with both sand and gravel in the bed may be expected to exhibit characteristics that are
related to both sand and gravel-bed rivers. These characteristics could for example be:

. intermediate positions between long discharge peaks (of many meandering sand-bed
rivers) and flash floods (of many braided gravel-bed rivers), if the sand-gravel bed river is
the transition stretch between its upstream gravel-bed and downstream sand-bed river,

o low but significant transport during low flow, even though an armour layer may exist,

o sandy, isolated bedforms migrating over an armour layer in low discharge, and sand-gravel
or gravel dunes in higher discharges.

The question is to what extent a sand-gravel bed river is comparable to either a sand or gravel-bed
river. This will depend on the fractions of sand and gravel in the bed. For instance, a certain
minimum amount of gravel may be necessary for the formation of an armour layer, and a certain
minimum amount of sand may be necessary for the formation of dunes. In addition, the flow
regime of the river determines the mobility of the gravel. In a gravel-bed river with some sand and
low flow energy, the bed may be heavily armoured, while in a gravel-bed river with the same
sediment but much higher flow energy, the armour layer may only be marginally developed (e.g.
Reid & Laronne 1995). Thus the behaviour of a sand-gravel bed river depends on the sediment
mixture and on the flow regime.
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In addition, there may be emergent characteristics of sand-gravel bed rivers that do not occur
dominantly in sand-bed or gravel-bed rivers. One example is kinematic sorting (e.g. Sallenger
1979, see chapter 7). When a sediment mixture is in motion due to stirring, flow shear, or gravity-
driven sediment flow, the sediment expands and the pore space increases because of the extra
space taken by the individual and colliding grains. The fine sediment is able to move into the
pores between the large grains under the influence of gravity, meanwhile working up the coarse
sediment because that cannot move into the pores. This promotes a coarsening upward sorting.
A related phenomenon is percolation, which occurs when gravel grains rest on each other and have
empty pore spaces (clast-supported sediment), so the fine sediment may fall through the pores
even if the gravel is immobile. When there is more sand and pea-gravel in the mixture and the
gravel grains do not rest on each other (matrix-supported sediment), then dilation is necessary for
sorting. Tkeda & Iseya (1988) found that the transition between clast-supported to matrix-
supported sediment is sudden for bimodal sediment and causes a sudden change in water surface
slope, mobility of the sediment and sediment transport.

It is emphasised that sand-bed, gravel-bed and sand-gravel bed rivers are not separate classes but
gradual transitions. For the given examples of sand-gravel bed rivers Rhine, Allier and Meuse, this
behaviour differs widely. The armour layer in the Meuse is well developed and bedforms occur
only during extreme discharges. In the river Rhine on the other hand, an armour layer is probably
present but not very important, while significant dunes occur at moderate discharges. The Allier
is somewhere in between the Rhine and Meuse.

2.1.3 Scope of this study

For simplicity, the range of possible flow conditions and sediment characteristics is split into three
factors:

1. the sand and gravel abundance in the bed sediment, that is, whether the river is a sand-bed, a
gravel-bed or a sand-gravel bed river,

2. the mobility of the sediment, that is, the discharge regime of the river, and

3. the bimodality of the sediment.

In figure 2.2, a range of sediment conditions is considered from pure sand-bed rivers to pure
gravel-bed rivers, with sand-gravel bed rivers in between (x-axis in fig. 2.2). The latter class of
rivers is the object of study herein. The understanding of sediment transport of uniform sediment
cannot simply be extrapolated to sediment mixtures. The sediment grains of different sizes interact
in a number of ways that cannot be represented by using uniform sediment methods, because the
relative sizes of the grains determine the interaction. Furthermore, while bedforms may already
have significant effects on sediment transport in uniform sediment, the effects for sediment
mixtures are even larger, because the sediment is sorted in various ways. These effects will be
discussed below.

In addition, the flow conditions in the river also determine which part of the sediment is in
transport (y-axis in fig. 2.2). In small rivers with a 50/50% sand-gravel mixture, the largest grains
may not be in motion, while the sand is in motion as migrating sandy bedforms over an immobile
gravel lag. In large rivers with a similar bed, the whole mixture may be in motion as sand-gravel
dunes, but then the sorting of sediment within those bedforms may be a complicating factor.
A third feature of sediment mixtures must be considered. A 50/50% sand-gravel mixture may
either be unimodal or bimodal or anything in between, and in very special (laboratory) conditions
even trimodal. Rivers with unimodal and bimodal sand-gravel sediments both occur in nature.
Usually, the sand is the first mode and the gravel is the second mode, with a relatively low
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abundance of grains with a diameter of about 2 mm. It seems from literature that the bimodality
has severe effects on the sediment transport and the occurrence of bedforms (see chapter 5). This
is then the third range of conditions which must be studied for the understanding of sediment
transport (z-axis in fig. 2.2) This study is mainly concerned with slightly bimodal sediment. This
is rather arbitrarily defined as mixtures of which the grain size distribution shows two modes that
are just discernable.
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Figure 2.2. Three ranges of flow and sediment conditions and their relations. The first (x-axis) is the
relative proportion of sand (< 2 mm) and gravel (> 2 mm) in the bed. The second (y-axis) is the
sediment mobility, which can also be expressed as flow discharge or shear stress. The third (z-axis) is
the bimodality of the sediment. The first and third are necessary to describe the sediment. The
relation between the first and second determines the difference between large and small rivers and
sand, sand-gravel and gravel-bed rivers. The relation between the second and the third determines
the mobility of the sand and gravel, and the relative importance of partial (bedload) mobility, bedload
and suspended load transport.

The definition of bimodality of sediment is difficult. Three aspects are important in a description:
the relative proportions of the two modes (usually sand and gravel), the standard deviation of each
mode, and the diameter difference between the two modes. To circumvent the necessity of clearly
defined describing parameters, the full grain size distributions are given where possible.

Thus, the objective of this review is to discuss the controls on sediment transport in the ranges of
low mobility to high mobility, of sandy gravel to gravelly sand, and of unimodal to bimodal
sediment. First the basic knowledge of sediment transport processes of uniform sediment is
summarized. Next the processes in non-uniform sediment are reviewed and discussed. The sorting
of sediment transport involves three length scales which are referred to in this discussion: the grain
scale, the bedform scale and the meander bend scale. Obviously these scales are not strictly
separated, but the grain scale entails interactions between grains only, while the bedform scale
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entails sorting phenomena, e.g. grain flows, that occur only in bedforms but not on smaller scales,
and the meander scale refers to large scale flow patterns that do not occur on smaller scales. For
clarity, these scales are discussed separately.

2.2 Sediment transport processes of uniform sediment
2.2.1 Basic knowledge

Sediment transport is driven by the bed shear stress, defined as T=pghsin(i), approximated as
t=pghi for energy slopes below 0.01 (m/m), in which g is the gravitational acceleration (9.81
m/s%), his the water depth and i is the energy slope. Furthermore, sediment transport depends on
grain size, since large grains are less easily transported.

The opposing force is the resistance of the sediment against movement, which depends mostly on
grain size, form, density and the local bed slope. A grain can only be moved if the bed shear stress
exceeds a certain threshold. This Shields threshold is incorporated in many sediment transport
predictors and is usually defined by the Shields curve (1936, in Van Rijn 1993). From the Shields
curve it follows that the critical bed shear stress depends strongly on the median diameter of the
sediment. In reality, this threshold does not define the absolute beginning of sediment motion.
Unfrequent motion occurs far below the Shields criterion, and is related to the near-bed flow
turbulence and the stochastic nature of the grain positions on the bed and their exposure to the
flow (Paintal 1971).

Thus, most sediment transport predictors for uniform sediment are based on the excess shear stress
above critical value. Furthermore they need a measure for bed shear stress and grain size as
principal independent input parameters (e.g. Einstein 1950, Engelund & Hansen 1967, Kalinske
1947 (adapted by Van den Berg 1987), Meyer-Peter & Miiller 1948, Parker et al. 1982, Van Rijn
1984a, Zanke 1990).

Bedforms are the result of sediment transport, and their propagation can be seen as a measure for
the bedload transport. The bedforms dissipate energy by creating flow separation just downstream
of the top, and modify the near-bed flow conditions. Thus, there is a feedback between flow shear
stress, sediment transport and bedforms.

Most predictors use only the part of the bed shear stress that is exerted on the grains, while
excluding the part that is lost due to the friction caused by bedforms. These effects can be
accounted for by separating the total shear stress in a bedform-related component and a grain-
related component. The latter is called the grain shear stress. The grain shear stress is usually
determined as the shear stress due to the friction of a representative roughness length, e.g. 1-3
D,,, depending on the sediment size (Van Rijn 1993, D,, = 90® percentile of the grain size
distribution of the bed sediment, see chapter 5).

Unfortunately, the behaviour of bedforms is not well predictable yet, and neither are the effects
on shear stress and sediment transport, especially in changing flow conditions like a discharge
wave (see chapter 6). Often the bedform development lags behind the changing flow during a
discharge wave (Allen & Collinson 1974). At rising stages the bedforms are still small and their
flow resistance is likewise small. At waning flow stages the bedforms are larger and dissipate more
flow energy. The flow is then less able to transport bed sediment, therefore the bedload transport
is often lower at falling stages than at rising stages.

Concluding, the sediment transport of uniform sediment is relatively well understood. The
interaction between the flow, bedforms and sediment transport is less well understood, while it
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may have large effects. More specific, the relation between turbulence and bedform generation,
and between turbulence generation and flow over bedforms, is unclear (Bennett & Best 1995).
Nevertheless, when the grain shear stress can be computed, the sediment transport of uniform
sediment can usually be predicted with an accuracy of a factor 2-3 (e.g. Van den Berg 1987, Van
Rijn 1993).

2.2.2 Interaction between bedforms and bedload transport

The role of bedforms in the sediment transport process is large. Bedforms affect sediment
transport in two ways (see Livesay et al. 1996 for a review):

1. they create variations in bed roughness which may significantly affect the near-boundary
flow structure and thus the bedload and suspended load transport, and
2. they produce marked spatial and temporal variations in both total and fractional bedload

transport rates.
Bedforms in sediment mixtures affect sediment transport in two additional ways (Livesay et al.
1996):
3. they generate distinct patterns of sediment sorting, and
4. they control the spatial availability of individual size-fractions for sediment transport.

In theory these sorting phenomena must be incorporated in prediction methods based on uniform
sediment, because they affect the incipient motion as well as the abundance and availability for
transport of sand and gravel at the bed surface (see chapter 9). In practice, not all may be
necessary.

The importance of bedforms for sediment transport over a mixed sediment bed is at present
recognized (e.g. Whiting et al. 1988), but this has not yet lead to integrated models with
quantitative relationships for mixed sediment transport. There are a great many observations on
bedforms in laboratory conditions, and also many in field conditions (see chapter 6). No model
exists yet that describes the relations between those bedforms, sediment characteristics and flow
(see chapter 9).

2.3 Sorting of sediment mixtures on the grain scale
2.3.1 General observations

As discussed earlier, sediment sorting is discussed for three length scales: the grain scale, the

bedform scale and the meander scale. In this section the grain scale is considered. In general, the

following phenomena have been observed to be important on the grain scale (see fig. 2.3), and are

discussed in the following sections:

J the flow is turbulent and varies strongly, and may entrain grains that are stable in the
average flow,

. small grains hide in the lee of large grains, while the large grains are more exposed to the
flow. This is called the hiding-exposure effect,

J in low flow in (sand-) gravel-bed rivers, a coarse surface layer may develop that inhibits
the entrainment of finer, underlying sediment. This coarse surface layer is called ‘armour
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layer’.

J in the armour layer, the largest grains are often surrounded by a cluster of smaller grains.
In addition, the asymmetric, flattened stones dip in the upstream direction, which is called
‘imbrication’,

J sediment is often horizontally sorted: the sand is concentrated in patches (often bedforms

like flow-parallel sand ribbons, or patches in niches in the gravel bed, further discussed in
section on sorting on the bedform scale); in addition the sediment may be sorted in cross-
sectional or downstream direction (e.g. sorting in meander bends or on tops of bars).

Figure 2.3. Left: an armour layer with an imbricated pebble cluster on a bar in the river Waiho, New
Zealand. Right: a pebble cluster on a sand ribbon in the laboratory experiments described in chapters
4 and 5. The largest grains are much more exposed to the flow than the small grains.

2.3.2 Sorting in armour layers

At this point it is necessary to distinguish between mobile and stable armouring. A stable armour
layer (Gessler 1971) forms if the upstream sediment input is cut off for some reason, e.g. a dam
or upstream armouring. Large discharge waves remove all grains that can be moved from the
armour layer and just below. The armour layer then reflects the largest discharge wave in the
recent past. The bed surface sediment is only entrained when the discharge exceeds that of the
largest historical flood. If this type of armour is broken, the bed sediment is suddenly entrained
in large quantities. At the lowering of the flow a new, coarser armour layer is formed.

A mobile armour layer (Parker & Klingeman 1982) on the other hand is present at a large range
of discharges except extremely high discharge, and is a direct consequence of the hiding-exposure
phenomenon. At the lowest flows only the finest sediment is entrained and transported over the
armour layer. At higher flows coarser sediment is entrained, and is exchanged with the bedload
sediment because the pockets in the bed that are left open by entrained grains, are preferentially
filled with grains of the same size. The bedload obtains the same grain size distribution as the bed
sediment at extremely high discharges. At that point there is no longer an armour layer, but with
lowering flow the armour layer is reformed.

Parker et al. (1982) did flume experiments with a sediment mixture in a narrow, sediment feeding
flume. They showed that an armour layer can coexist with motion of all grain sizes, because the
motion is sporadic in their conditions. The largest grains are less mobile as they are heavier, and
consequently become overrepresented at the bed surface. Thus an armour layer emerges, which
in turn decreases the mobility of the small grains. The result appears to be equal mobility of all
fractions. In this condition, the grain size distribution of the bedload material is the same as the
substrate, or sub-armour layer material, which both are finer than the armour layer material. The
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equal mobility concept was corroborated in their experiments and in some field measurements.
The stability of natural armour layers is often increased by pebble clusters or imbricate clusters,
which are formed by colliding flat gravel grains (e.g. De Jong 1995). An obstacle (e.g. large
pebble) prevents a pebble from being transported. Subsequent collisions of other pebbles in
transport form a pebble cluster parallel to the flow, with an imbricated structure (middle axis
dipping in upstream direction). A pebble cluster has less resistance to the flow than a cluster
structure of the same pebbles in an area (De Jong 1995), or in other words, it is more difficult to
break up a pebble cluster than to transport the pebbles separately. Evidence for this is also found
in other rivers. Reid et al. (1985) found for a natural gravel-bed river that incipient motion during
rising flow was at a much larger shear stress than the end of motion in waning flow. They
attributed this to the destruction of an armour layer with pebble clusters, while the pebble clusters
were absent in the waning flow.

2.3.3 Incipient motion of sediment mixtures

The initiation of general sediment motion is described well by the Shields curve for uniform
sediment. Unfortunately, the Shields curve is no longer valid when the bed sediment consists of
a large range of diameters. Larger grains are more exposed to the flow and therefore have lower
critical shear stresses. Smaller grains are hiding in the wake of larger grains and therefore have
higher critical shear stresses. This is called the hiding-exposure phenomenon (see figs. 2.3 and 2.4
and chapter 5).
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Figure 2.4. Critical bed shear stress according to the Shields curve and with equal mobility and
Egiazaroff (1965) hiding-exposure corrections, and a hiding-exposure curve for strongly bimodal
sediment (after Wilcock and McArdell 1993, see text for explanation). The hiding-exposure
corrections are computer here for sediment with a median grain size of 1 mm.

A. Dimensional representation.
B. Dimensionless representation comparable to original Shields curve.
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The effect on sediment transport was first quantified by Egiazaroff (1965), who theoretically
derived a hiding-exposure correction for all grain sizes D, (see fig. 2.4):
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in which 0, 5, = the critical Shields shear stress and 0, ;. ...y = Shields critical shear stress
corrected for the hiding-exposure effect. The dimensionless Shields shear stress is related to critical
shear stress (T,,) as 0,=1_/(p,-p)gDs,), in which (p,-p) is the density of sediment minus that of
water.

In practice, the critical shear stress of each fraction is often corrected with an empirical relation
of the form:

— . i
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The power p is determined from datasets in several ways. One way is to measure the grain size
distribution of transported material during low transports and extrapolate the shear stresses for
each fraction to the extremely low transport that represents incipient motion (e.g. Wilcock 1993).
Another method is to estimate visually the boundary between transport and no transport for each
fraction (Shields 1936, in Van Rijn 1993). Buffington & Montgomery (1997,1998) gave an
overview of most existing empirical relations, which are as numerous and diverse as the studies
themselves. They conclude that no universal relation can be found, but defendable values should
be used for each set of application, measurement instruments and definition of incipient motion.

The power p is not accurately known and differs for each dataset. The theoretical curve of
Egiazaroff can be approached by a range of powers p, depending on grain size. If the power p is
-1, then all fractions are equally mobile. Parker et al. (1982) hypothesized that this is the case if
the largest fraction is in motion, because a mobile armour layer is not broken up but stays intact.
In the mobile armour layer the differences in hiding and exposure of the fractions have the effect
that the critical Shields value is the same for every grain size. If, however, the bed shear stresses
are lower than critical (or twice critical in some studies) for the largest fraction, the power p
decreases.

If a completely mixed bed is taken as a starting point, and the power p is in between 0 and -1,
then first the finest material is eroded away. The fine material behind larger grains are winnowed
out down to a certain depth, on which the hiding / exposure is in equilibrium. If this point has
been reached, the bed surface is relatively coarse, equivalent to desert pavements. A moving bed
of this type is often called pavement or mobile armour layer, a fixed, stable bed with mainly large
grains at the surface is called stable armour layer.

Concluding, sorting mechanisms on the grain scale are related to relative grain sizes, which cause
the hiding-exposure phenomenon, and consequently the armouring process and pebble clusters.
The hiding-exposure phenomenon and armouring obviously will have a large effect on sediment
transport by reducing the mobility of fine sediment, and increasing that of coarse sediment.
The hiding-exposure phenomenon obviously must be incorporated in sediment transport
predictions. A transport predictor for uniform sediment can be used to calculate the transport of
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sediment mixtures as follows (see chapter 5). The mixture is divided into size fractions, and for
each size fraction the transport is calculated while correcting the critical shear stress of each size
fraction with an appropriate hiding-exposure correction. In this way the composition of the
transported material is calculated.

2.3.4 Hiding-exposure effects and deposition

Depositional mechanisms have received much less attention than entrainment mechanisms. Everts
(1973, in Carling 1990 and Powell 1998) argued that sediment sorting during deposition is
controlled by processes very similar to those that determine the relative mobility of different size
fractions at entrainment. The mobility of a grain is in part determined by the pocket geometry
in which it rests (hiding / exposure). During deposition, larger grains are less likely to deposit on
a finer bed except where coincidental accumulations of other larger grains provide a suitable
pocket, or where the wake of these other grains reduce the drag force (Carling 1990, see Powell
1998 for a review).

The efficiency of this process may in part be determined by local turbulence characteristics of the
bed surface in two ways. First, flow turbulence results in a more thorough removal of fine
sediment from an initially poorly sorted bed surface. Second, local turbulence inhibits the
deposition of finer material, therefore only coarser material can settle. The role of near-bed
turbulence will be discussed later.

Depending on the abundancy of certain fractions in the bedload material, the bed surface may
preferentially consist of clasts larger than can be entrained by local turbulence, but even coarser
fractions are not deposited on the bed because these do not fit in the pockets of the clasts in the
bed. In this way a relatively well sorted bed surface is created on a bar (Powell 1998). This is called
the ‘like-seeks-like’ effect.

Concluding, a like-seeks-like effect may occur in which grains of equal size can be deposited while
larger grains remain fully exposed and smaller grains are winnowed. The like-seeks-like effect is
not described by the hiding-exposure equations. Yet it causes the sediment to be horizontally size-
segregated, which may lead to different sediment transports in each area (Paola and Seal 1995).
The latter phenomenon will be discussed in the section on sorting on the bedform scale.

2.3.5 Incipient motion of unimodal and bimodal sediments

The incipient motion of unimodal sediment is well described with the hiding-exposure correctors
described in the previous section. Bimodal sediment on the other hand, shows combined behaviour
of uniform and mixed sediment. With increasing bimodality of the bed sediment, the sand and
gravel part show different behaviour. The gravel fractions show slightly size selective transport,
while the sand part shows equal mobility (Wathen & al. 1995). The size selectivity of transport
of the gravel part is caused by the coarsest fractions that rarely are in motion (Wilcock & McArdell
1993 and chapter 5). The result is a relation between the critical Shields parameter and grain size
that lies in between the Shields curve (representing uniform sediment) and the horizontal equal
mobility curve (representing extreme hiding-exposure for non-uniform sediment) (fig. 2.4).

The effect is that the sand may already be in motion while the gravel is still immobile. Due to the
like-seeks-like mechanism described in the previous section, this may lead to a hotizontal
segregation of sand and gravel, resulting in patches with relatively uniform sediment (Paola and
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Seal 1995) and other bedforms. The gravel patches are usually immobile while the sand patches
can be mobile in low flow. This grain size segregation obviously causes the segregated gravel and
sand to behave even more like uniform or unimodal sediment. Strictly, the segregation of
sediment is probably not in the horizontal direction but in the vertical, because the sandy patches
are in fact lying on top of gravel. For practical purposes of sediment transport prediction during
one discharge wave, however, it can be considered as a horizontal segregation.

Consequently Wilcock & McArdell (1993) define a condition of partial transport between fully
mobilized transport and immobile bed, that is between one and two times the critical shear stress
for a fraction. During conditions of partial transport the finer fractions are in motion, while the
coarser are not. In former studies this finer fraction was called ‘wash load’ or ‘throughput load’
(e.g. Parker et al. 1982). The term ‘wash load’ is generally used for sediment that is transported
by the river without being deposited on the river bed. In this case, there is no interaction because
of an armour layer, but the sand is present in the bed below the armour layer. Therefore the term
‘throughput load’ is preferred here.

It can be assumed that the throughput load is mostly limited by the availability of material. This
limitation is caused by the immobility of the armour layer, which protects the fines in the bed
against entrainment. Thus the throughput load is - for this condition - independent on the
underlying sediment but only dependent on upstream supply, and therefore is probably
unpredictable. The throughput load may be expected to occur more often in strongly bimodal
sediments, in which the mobility of the coarse sediment is unrelated (by the hiding-exposure
phenomenon) to that of the fine throughput sediment.

During conditions of partial mobility (Wilcock & McArdell 1993), the bed coarsens with
increasing flow strength because only the fine material is mobilised. Above two or three times the
critical shear stress for the largest grains, the bed surface becomes finer again, because fine
material is released from below the armour layer for transport as more and more large grains move
from their places. Obviously this behaviour is comparable to that described by Parker et al. (1982)
in their equal mobility hypothesis. Wilcock & McArdell (1993) compared data of their flume
experiments to field data of Goodwin Creek (Kuhnle 1992) and Oak Creek (Milhous 1973, in
Parker et al. 1982), and found that partial transport conditions occur frequently in both rivers,
and probably also in many other rivers. The difference between Wilcock & McArdells (1993)
results and the equal mobility hypothesis is twofold: the shear stresses in the experiments of
Wilcock & McArdell are available between immobile bed and the critical shear stress needed to
move the largest grains, while equal mobility occurs mostly above that critical shear stress.
Second, the mixtures used in the experiments are highly bimodal, while equal mobility seems to
occur mostly in unimodal mixtures.

Concluding, the influence of the rate of bimodality on the correction of bed shear stress of
individual fractions is large (Wilcock 1993). The effect of bimodality can be interpreted as a
reduced mixture effect: critical shear stresses for strongly bimodal sediments are intermediate
between uniform sediment values (Shields curve) and unimodal mixture values (approaching equal
mobility, same shear stress for all fractions). The effect on the finer fractions is larger than on the
coarser fractions (Wilcock 1993). Another consequence of sediment bimodality is that armour
layers are expected to occur more often in bimodal sediment than in unimodal sediment, because
the gravel is less mobile.

2.3.6 Horizontal size-segregation and mobility in bimodal sand-gravel sediment

The trends mentioned above cannot be explained by the hiding-exposure concept as proposed by
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Egiazaroff (1965), because the horizontal segregation of sand and gravel is not incorporated. This
segregation has been observed in numerous experiments in the form of longitudinal sand ribbons
and other bedform types on gravel beds (see chapter 4), and in the form of patches initiated by
the like-seeks-like mechanism.

If finer sediment is concentrated in more homogeneous zones, then the critical shear stress will
approach those of uniform sediment. The coarse part of the surface will then show increased flow
shielding and increased rolling resistance, resulting in a higher critical shear stress than would be
in the case of a unimodal sediment with one critical value for all fractions. This is confirmed by
Wilcock (1993), who found that in almost unimodal sediments all sizes began to move at nearly
the same shear stress, forming low dunes, while more bimodal sediments had increasingly longer
trajects of incipient transport of only the finer fractions, forming flow-parallel ribbons or isolated
bedforms.

Horizontal sediment sorting was investigated by Seal et al. (1996) with laboratory experiments
in sediment-feed flumes. First they experimented with a 70% gravel and 30% sand mixture in a
narrow flume (width 0.3 m), to make lateral sorting impossible. The experiments produced
deposits with downstream fining with a sharp gravel-sand transition, independent of the rate of
deposition. The second set of experiments was done in a much wider flume (width 2.4 m) with
several mixtures. The mixture of 70% gravel and 30% sand showed only weak lateral segregation
and produced a fining pattern comparable to the narrow flume experiments, although with a less
sharp transition. When the sand content in the feed-mixture was increased to 50%, clear patches
of fine and coarse material developed and a continuous downstream fining pattern with no clear
transition. These experiments confirm that the bimodality rate of a mixture determines whether
patches form or not.

Comparable experiments (Ikeda and Iseya 1988) indicate that the sediment behaviour changes
rather suddenly when the sand content is above 50%, because at that point the sediment changes
from clast-supported to matrix-supported. In the latter case, the sand starts to move as bedforms
over the bed surface, while the gravelly areas in between are immobile.

The effect of horizontal segregation on sediment mobility is further illustrated by the results of
Kuhnle (1993), who did experiments in a recirculating flume with a bimodal sand-gravel mixture
with several ratios between sand and gravel content. In experiments with only the sand or the
gravel mixture, all grain sizes began to move at nearly the same critical shear stress, which is
equivalent to near equal mobility. However, in the bimodal sand-gravel mixtures the formation
of a coarse surface layer (armour layer as described by Parker et al. 1982) was inhibited when there
was more than 50% sand in the mixture. This sand mode prevented a portion of the smaller sizes
of gravel from being removed from the surface layer, because the sand filled all interstices of the
gravel. As a result, the initiation of motion of the gravel fraction was still dependent on size.
Interestingly, all sand fractions consistently began to move at nearly the same critical shear stress
in all experiments, also in the bimodal experiments, and therefore seem to behave independent
from the gravel fractions.

Concluding, the behaviour of sand and gravel in a bimodal sediment mixture may be understood
in terms of trends, but a unique description of incipient motion based solely on size distributions
is not available. The application of critical shear stresses of bimodal sediment in transport
predictors is therefore still ambiguous and the role of the sediment bimodality unclear. There is
some evidence for asymetric roles for sand and gravel, as the sand content of the bed determines
the sediment mobility of the mixture, and as the sand grains remain equally mobile while the
gravel shows size-selective entrainment.
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2.3.7 The importance of turbulent shear stress variations near incipient motion

In many rivers with sand-gravel bed material the sand fraction is in motion while the gravel
fraction is mostly immobile. Using a deterministic bedload predictor with a critical bed shear
stress for incipient motion, the predicted transport of the gravel fraction in the bed might then
be zero, while the true transport is non-zero. When the larger sediment grains are below the
threshold for motion, the stochastic nature of bedload transport due to flow turbulence should also
be represented, because the grain sizes that are on average immobile, may be responsible for some
transport due to the turbulence. The effect of turbulence on sediment transport near the threshold
of motion was first modelled in detail by Einstein (1937), Kalinske (1947) and Paintal (1971).
There are now several new stochastic predictors available, e.g. Bridge and Bennett (1992), Zanke
(1990) and Van Rijn (1993).

In the calculation of excess shear stress both the exerted shear stress and the critical shear stress
may be considered as a stochastic variable (Grass 1970). In the determination of critical shear
stress, a subjective boundary between motion and no motion is taken. The Shields curve for
example represents motion of about 10% of the grains on the surface (Zanke 1990). Einstein
(1937), Zanke (1990) and others have constructed probability distributions for the beginning of
movement of sediment.

It is a matter of discussion whether flow turbulence or sediment characteristics or both are the
principal sources of variation (see Mosselman and Akkerman (1998) and chapter 5). Fact is that
flow turbulence is the only possible source of variation in the driving forces. On the other hand
the grains of a mixture show many (static) variations: shape, density, imbrication and other surface
formations. Since critical shear stresses are measured in flows that are turbulent, the variation due
to flow turbulence and sediment characteristics is difficult to distinguish.

Grass (1970), Paintal (1971) and Zanke (1990) argued that the Shields threshold of incipient
sediment motion is not a strict threshold but a gradual increase from no motion to full motion,
due to the stochastic properties of the grain stacking and the near-bed flow. Buffington and
Montgomery (1997, 1998) compared most available literature on incipient motion, and found
that the Shields parameter value depended on the method or criterion for incipient motion. They
argued that no value is more correct than others, but that defendable values should be used for
each specific problem. Zanke (1990) empirically found a probability function for the incipient
motion, which is dependent on shear stress. He was able to incorporate this function as a
correction factor to his bedload transport predictor to yield more reliable predictions just above
and below the Shields criterion. The distribution gives probabilities between zero and unity for
a range in which motion is beginning. However, this approach does only work with predictors
that do not have the critical threshold itself incorporated. If they had, these predictors would
predict zero transport below the threshold, while in reality there is some transport just below the
Shields criterion. Therefore Zankes function cannot be used with most predictors.

Many others consider turbulence as the prime source of variation. Van Rijn (1987, in 1993)
assumed that bed shear stresses are normally distributed, and proceeded to implement the
assumed distributions into a bedload predictor based on relative excess shear stress (see ‘incipient
motion’) (see fig. 2.5). This approach was also followed by Bridge and Bennett (1992), who varied
the bed shear stress only, according to a normal or lognormal probability distribution. The
transport is calculated for each probability and integrated to yield the total transport for the
considered probability distribution. Since this method only affects the shear stress and not the
critical shear stress, it can be applied to most predictors. Bridge and Bennett applied this method
to a fractionwise predictor of bedload transport.
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Figure 2.5. The mobility of sediment is determined by the flow shear stress and the critical shear
stress, which both have a stochastic nature (after Grass 1970). Note that in turbulent flow the
momentaneous shear stress may be in the upstream (to the left) and downstream direction (to the
right).

Concluding, partly due to flow turbulence, the beginning of motion is a stochastic phenomenon.
There are at least two general methods for incorporating turbulent flow variations into a predictor
to account for very low transport just above and below the Shields critical threshold of motion.
It is however not clear how to apply these methods to existing bedload predictors, while it is
obvious that this phenomenon is important for sediment mixtures at incipient motion for a part
of the mixture (see chapter 5).

2.4 Sorting on the bedform scale
2.4.1 General observations

There are many different types of bedforms in uniform sediment and in mixtures (see fig. 2.6 and
chapter 4). In sand-gravel mixtures, the following bedform types have been recognised:

J ripples: only in sand, crests flow-perpendicular, assymetric and triangular, height related
to grain size, length circa 10 times height,

. dunes: crests flow-perpendicular, assymetric and triangular, height about 15% of water
depth, length circa 20 times height,

o sand ribbons: flow-parallel features, height related to grain size, width related to flow
structure,

. barchans: parabolic dunes with the points pointing downstream,

. bedload sheets: low relief bedforms, height circa 2 times grain size, crests flow-

perpendicular, sediment sorting is the most outstanding feature: large grains in leading
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edge and fine upstream,
o other low relief features: low relief bedforms, symmetric forms, height related to grain size,

o patches: areas of fine immobile sediment, no specific form but present in lee of boulders
or other niches

In addition, there are many sorting phenomena associated with these bedforms (cf. Allen 1984,
see fig. 2.6), among which:

. horizontal sorting in bedload sheets: coarsest sediment in leading edge and finer sediment
upstream,
. Fining Upward (FU) in ripples, barchans, bars and dunes: coarsest sediment lower in the

bedform and finer sediment near tops,
. gravel lag or armour layer in troughs of barchans and dunes (also see fig. 1.4).

2.4.2 Bedform types in non-uniform sediment

Between the scale of bars and pebble configurations there is a large range of bedform types.
Bedforms in uniform sediment have been classified in genetic terms of sediment diameter and
shear stress (or velocity), e.g. by Simons-Richardson (1966), Van den Berg & Van Gelder (1993),
Van Rijn (1989) and Southard and Boguchwal (1990). It is not clear whether these classifications
can be extrapolated to sand-gravel mixtures.

Carling (1999) presented an overview of the available data on bedforms in coarse sediments. These
data were confronted with the bedform stability diagrams of Allen (1984) and Southard and
Boguchwal (1990). It appeared that the stability fields of bedforms in sand could be extended in
the gravel grades (Carling 1999). Thus, dunes made up of gravel and sand dunes are found in the
same range of values of the Shields parameter. However, Carling’s data refer mostly to rather
unimodal sand or gravel sediments, bimodal sand gravel mixtures were not considered.

It was demonstrated (Klaassen 1986, Chiew 1991) that the stability of bedforms may be
significantly influenced by sediment sorting. In poorly sorted sediments the relatively finer-
grained fractions may become mobilized so that bedforms, such as dunes, form in finer sediment
and override the coarser underlying armour layer. The following phases in transport were
distinguished for a unimodal sand-gravel mixture (Klaassen 1986):

. during low flow over an armour layer no movement occurs,

. during higher flow fine sand is winnowed out of the armour layer through small
instabilities,

J during increasingly higher flow small dunes are formed of the winnowed sand. In the

troughs of the dunes the bed shear stress on the armour layer is higher due to the
turbulence of the flow separation. More and more sand and coarser material is extracted
from the bed below the armour layer, and the armour layer itself sinks away and becomes
partly buried,

. during decreasing flow the dunes still travel on top of the armour layer.

These phases were observed in a straight flume, obviously without the three-dimensional effects
that may occur in natural meandering rivers. In a meandering river, the inner bend and deepest
pools may provide temporary storages of fine sediment, which is entrained to form dunes
overriding the armour layer. Also, the bedforms migrating through a bend with a lower
waterdepth at the inside than at the outside, may behave different than indicated here, because
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Figure 2.6. Illustrations of a number of bedform types, and the sorting within some bedforms. The
sand tail in the lee of a cobble was found in the river Allier, France, while the other bedform types
were observed in the Sandflume experiments described in chapters 4 and 5.

the flow pattern in the dune troughs is modified (Dietrich and Smith 1984, Kisling-Mgller 1993).
This is, however, not important in rivers with a small sinuosity. This is further discussed in the
section on sorting on the meandering scale.

Wilcock (1993) found that dunes superceded a lower-stage plane bed at higher bed shear stresses
in sediments with a log-normal grain size distribution, while bedforms called bedload sheets
formed after a lower-stage plane bed in bimodal mixtures. A bedload sheet is the result of a
longitudinal sediment sorting process in which bed material moves in very low amplitude waves
with distinct coarse fronts followed by transitional and smooth zones. These features migrate
downstream as large grains eroded from upstream are able to move easily over the smooth section
(overpassing) before coming to rest in the next congested zone. This zone is then filled and covered
with sand, but later re-emerges towards the tail. Grains are able to move more rapidly over the
sand zone because the flow cannot adjust to the rapidly changing roughness states, so a similar
shear stress is applied to all zones, but since the critical shear stress is lower over the sand zone,
grains can be entrained and transported more readily (Sambrook Smith 1996). Bedload sheets
have both been found in the field (e.g. Whiting et al. 1988) and afterwards described in laboratory
conditions (e.g. Iseya & Ikeda 1987).

It has been hypothesized by many authors that bedload sheets in poorly sorted sand-gravel
mixtures and gravels are the counterpart of dunes in sandy material (e.g. Livesay et al. 1996,
Bennett & Bridge 1995, Best 1996). Ikeda & Iseya (1987) studied the influence of the sand
content in sand-gravel mixtures on bedforms. They found that with increasing sand content the
bedforms more and more resembled sand dunes, while with low sand contents the bedforms were
in fact bedload sheets or very low dunes in gravel. The transition to dunes most likely results from
a rise in the importance of flow separation as a control on bedform geometry and an increase in
the mobility of coarser fractions with increasing shear stress. Also the presence of sand on the bed
increased the mobility of the gravel because of the overpassing mechanism.

Bennett & Bridge (1995) described three forms of low-relief bed forms: pebble clusters, bedload
sheets and low-relief bars. They propose a sequence of bed features on a mixed-size and mixed-
density bed under increasing bed shear stress, bed mobility and sediment transport: (1) selective
entrainment and transport of the relatively fine fractions and their incorporation into bedload
sheets that migrate over a partially armored, coarser bed containing pebble clusters; (2) increase
in the height and number of bedload sheets present (incipient dunes); and (3) amalgamation of
bedload sheets and development of dunes. Bars are expected to coexist with bedload sheets and
dunes.

Concluding, a plethora of bedform types exists in sand-gravel sediment, but there is no systematic
study of their occurrence that covers most observed types. The results suggest that bedload sheets
occur in bimodal sediment, while dunes occur in unimodal sediment and very sandy bimodal
sediment. Sand ribbons and pebble clusters were observed in both sediments (see chapter 4). The
bedforms themselves can be seen as patches of different sediment than the surrounding bed. These
patches may have a considerable effect on the sediment transport because of that grain size
difference. In addition, it was found that dunes with significant flow separation and turbulence
generation may contribute to the formation of an armour layer.
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2.4.3 Vertical sediment sorting

Sediment in bedforms may be sorted in the vertical direction, especially in larger bedforms like
dunes. In sedimentological literature this sorting is often described. A well known feature of dunes
in rivers is the cross-stratified deposit, caused by the propagation of the bedforms by discontinuous
avalanching of bedload sediment at the lee side of a dune (e.g. Allen 1970, see chapters 7 and 8).
Within a cross-stratified set the sediment appears often sorted vertically (see fig. 2.7). The gravel
is mainly deposited on the lower part of the lee slope, while the finer grades are predominantly
deposited in the upper part. The result is an upward fining deposit with cross-stratification.
Although this sorting principle related to avalanching is well known, a mathematical description
of the process is not available. The processes at the lee side of bedforms and their deposits are
described in more detail below.

Within the dunes, three basic units can be distinguished, being a toeset, a cross-stratified set
consisting of many foresets, and a topset (Allen 1984, see fig. 2.7). Bedload sediment is
transported on top of the dune, and may be preserved as a topset. A toeset may be preserved when
the dune overruns it; it is then called a bottomset.

flow ) »
- > grain flows deposition from

suspension in
[3
scounterflow

bottomset
Figure 2.7. Basic depositional units in dunes: a bottomset, a cross- foreset and a topset. Note that the
combination of coarse gravel in transport and a fine toeset is unlikely, but given here for the purpose
of definition.

Sediment that arrives at the brinkpoint of the dune, is partly deposited on the lee slope. A finer
part of the sediment is suspended, to be deposited on the lee slope, in the trough zone or on the
stoss side of the downstream dune when the turbulent energy in the trough zone is small (Jopling
1969). Obviously, there is a gradual transition between the bedload mode and suspension. The
sediment on the lee slope will accumulate until the angle of repose of the sediment is exceeded.
The angle of repose is sometimes called angle of internal friction, to denote the critical angle of
a mass of sediment (internal friction) as opposed to that of the individual grains (repose). Then the
accumulated sediment will roll or flow down the lee slope of the dune. This gravity-driven
movement stops at the toe of the lee slope, where the local bed slope decreases. The moving layer
of sediment on the lee slope is deposited as a cross-stratum. A number of cross-strata are called
the cross-stratified set. Cross-stratified sets may range in thickness from a few millimeters in
ripples to more than one hundred meter in Gilbert-type deltas.

Suspended sediment must be included in this discussion, since it may affect the vertical sorting.
The suspended sediment is partly captured in the counterflow and settles on the lee slope and in
the trough to form a bottomset (Jopling 1969). The part of the bottomset at the toe of the lee
slope is sometimes called the toeset. The sediment in the trough is transported both upstream and
downstream, depending on the position relative to the reattachment zone. Both the counterflow
and the coflow may form ripples. With relatively small flow energy, the bottomset may be
preserved when the dune migrates over it by deposition of cross-strata at its lee side on top of the
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bottomset (Boersma et al. 1968). With higher flow energy, an armour layer may form when the
largest grains of the sediment are partially mobile or immobile, while the smaller grains are
winnowed from the bed and suspended. In high-energy conditions the formation of a toe deposit
is obviously very unlikely.

Consider a river with dunes in the order of 0.5-1 m and a sand gravel mixture with 50% sand.
During rising flow the bedform trough level is lowered while sediment is entrained into the
migrating and growing bedforms. During waning flow the trough level rises again while the
bedforms become smaller (e.g. Allen and Collinson 1974). Meanwhile, the sediment is vertically
sorted in the grain grain flows along the lee side of bedforms. Thus, a sedimentological record is
left in the river bed. More important, this vertically sorted sediment is the bed sediment that will
be entrained again in the next discharge wave. Thus the historic record of discharge and sediment
sorting in the river bed is bound to play a role in the sediment transport (see fig. 2.8 and chapter
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Figure 2.8. During rising and peak discharge the transported sediment is sorted in the grain flow at
the lee side of a dune. In waning discharge, the dunes diminish and leave cross-bedding relicts. Due
to selective deposition, an upward fining accumulation of lag deposits is created in addition (see

chapters 6 and 9).

relict cross-bedded set

During the different stages of discharge waves, grain size selective entrainment and deposition of
the sediment mixture may also lead to a vertical sorting. The largest grains that are in motion
during the peak discharge, will be deposited in lowering discharge while the smaller grains remain
in transport. In the avalanching process the larger grains are preferentially transferred to the
trough zone (Klaassen 1991). Thus the larger grains will preferentially be deposited in the troughs
of the dunes, resulting in an upward fining accumulation of lag deposits (see fig. 2.8). Obviously
the process of sorting in grain flows at the lee side of dunes cooperates with the selective transport
process to create an upward fining sorting of sediment that is preserved in the river bed.

In a number of publications it was pointed out that sediment transport and deposition in sand-
gravel bed rivers cannot be understood without considering vertical sorting (e.g. Klaassen 1987,
1991, Klaassen et al. 1987, 1999, Wilcock 1993, Wathen et al. 1995). Also the importance of
the dune height has been shown, in the sense that the sediment from below the transporting layer
of dunes is entrained in the (deepest) troughs (Ribberink 1987). The sorting in the bed was
modelled in two layers by Ribberink (1987), but neither the historic sorting of previous discharge
waves, nor the sorting within dunes were incorporated. Recently Parker et al. (2000) developed
a mathematical model concept with a continuous description of sediment sorting in the dunes and
the bed, comparable to the concept proposed by Klaassen et al. (1987). Klaassen et al. and Parker
et al. could not implement their concepts because a general predictor for the sediment sorting in
depth was not available.

Concluding, vertical sorting in bedforms potentially is very significant for the sediment transport
process, because the sorting is recorded in the river bed, and is the boundary condition (as bed
sediment varying with depth) for sediment transport in following discharge waves (see chapters
6,9 and 10). So far, this effect has largely been neglected. Quantitative descriptors or models of
vertical sorting in bedforms are unavailable.
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2.4.4 The combined role of turbulence and sediment sorting in bedforms

If transport has to be calculated in the presence of bedforms, then the use of a single, constant
value of bed shear stress is no longer sufficient. In summarizing parameters (from literature) the
probability distributions of bed shear stress due to turbulence has to be used, following Van Rijn
(1987, in 1993), with or without the variation of turbulence intensities over the bedform. This is
further complicated with grain size variations over bedforms, which significantly influence the
roughness and shear stress variations over bedforms. All variations might be included in a
stochastical approach combined with information on spatial distributions on grain sorting and
diameter, and turbulence intensities.

In the case of large dunes, the problem of sediment transport prediction based on an average shear
stress and an average hiding-exposure function is even more problematic. The hiding-exposure
phenomenon assumes that the sediment at the bed surface is fully mixed, while this is almost
never the case due to the presence of bedforms. Both the shear stress and the grain size
distribution of the bed surface vary systematically over the length of the dune (see fig. 2.9). These
two patterns (of shear stress and of sediment sorting) interact to yield the average bedload
transport (expressed by the propagation of the dune). In the bedform trough the average bed shear
stress is on average zero but has large fluctuations. At the same location the sediment may be
rather coarse, because it is in effect the eroding base of the upstream dune. At the top of the dune,
the turbulent fluctuations relative to the average shear stress have diminished, and the sediment
at the surface has changed to fine and better sorted. This structure on average yields the bedload
transport. It is obvious that the assumptions underlying the bedload predictors are not very
realistic in the presence of dunes. This also suggests that a universal hiding-exposure function will
be difficult to find, because it intimately depends on the bedform type and sorting within the
bedform (see chapter 11).
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Figure 2.9. The structure of flow (to the right) over a dune. In the left half of the figure, the average
characteristics of the flow are given as the average grain-related bed shear stress and its standard
deviation. The standard deviation is the largest in the trough region of the dune, since the flow is
separated downstream of the dune top and reattaches on the bed in the trough zone. In the right half
of the figure the dominance of two turbulent event types is given (after Bennett and Best 1995). An
ejection is a relatively fast upward motion, and a sweep is a relatively slow downward motion. The
ejections at the dune top lead to a free shear layer, and suspend sediment. The sweeps entrain
sediment near the bed.

In the flow separation zone (downstream of the brinkpoint), the flow has almost no net velocity
but consists mainly of turbulence (see fig. 2.9). This is important in the entrainment of sediment.
The length scale of turbulence may or may not play a role in the development and length scales
of bedforms (cf. Best 1996 for an overview). More important, turbulent fluctuations above the bed
(ejections and sweeps) have a skewed distribution that cause temporal high shear stresses. Since

45



bedload transport is dependent on shear stress to a power p>1, a major part of the transport is
caused by the high tail of the shear stress distribution. Also, the same temporal high shear stresses
may exceed the critical shear stress of a grain that is too large to be moved by the average shear
stress.

In the presence of bedforms, this is even more complicated because of the spatial variation of the
different contributions to turbulence. Nelson et al. (1993) measured these structures in flumes,
and comparable results from the Fraser river are found by Kostaschuk & Church (1993). The
measured parameters are described, and in general it was found that ejections are the most
important on the crest and top of dunes. An ejection is a relatively fast and upward directed flow.
Ejections provide a mechanism for the entrainment and suspension of sediment. Sweeps are most
important in the trough and at the reattachment point. A sweep is a relatively slow and
downward directed flow, and thus provides the mechanism for erosion of the lower stoss side of
dunes and deposition on the top.

There have been two recent attempts to predict the sediment transport along a bedform to
account for the structural variation of shear stress, turbulence and sediment sorting. Livesey et al.
(1995) used the bedload transport model of Bridge & Bennett (1992) to predict the spatial pattern
of total and fractional bedload transport rates over low-relief bedforms. Turbulent fluctuations
were also incorporated to account for transport of fractions near the threshold of motion. They
were rather successful in the case of bedload sheets. The applicability for dunes however is very
limited, since dunes have a much more pronounced vertical sorting while the turbulent structure
over the bedform is much more complicated.

McLean et al. (1999) measured the turbulent flow structure above dunes with the objective to
couple it to the bedload transport averaged over the length of the dune. They found that it was
not possible yet to predict the bedload transport over the length of a dune, especially because the
bed shear stress characteristics in the separated flow zone were not well predicted by the model.
Instead they proposed that the turbulent flow model be used to predict the turbulent shear stress
at the top of the dune. With the assumption that dunes are triangular and move at a constant
celerity, the sediment transport at the top of the dune is twice the average sediment transport
(Hamamori 1962). Thus the sediment transport prediction at the dune top was used to predict
the average sediment transport. This is however only possible for dunes of uniform sediment or
dunes without vertical sorting. For dunes with fining upward sorting and almost immobile gravel
in the troughs, it is the question how the sediment must be represented in the prediction method,
therefore this method cannot yet be used in most non-uniform sediments.

Concluding, there is no method yet for combining the phenomena related to bedforms with
sediment transport prediction, while these phenomena cannot be neglected. Both flow turbulence
and sediment characteristics have been incorporated as stochastic variables in sediment transport
predictors, but always for plane beds or low relief bedforms. No predictors are known that
explicitly include spatially variable turbulence and grain characteristics.

2.5 Sorting in meander bends

In this section, the role of sediment sorting on the length scale of meander bends is discussed, to
determine whether this sorting scale must be addressed in as much detail as the bedform scale. In
a hypothetical meandering river with graded sediment and no interaction or influence between
different sediment sizes, the flow in the meander bends would induce a lateral sorting of bed
material with coarse sediment in the outer bend and fine sediment in the inner bend.

The sorting is caused by a helicoidal motion of the flow, which develops in the bend (secondary
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circulation) and causes a slight inclination of bed shear stress vectors towards the inner bank of
the river. A meander bend in equilibrium therefore shows a sloping bed profile which is deepest
at the outer bend (pool) and shallowest in the inner bend (pointbar).

The effect of helicoidal motion in the hypothetical river on sediment transport is as follows. The
gravitational force on grains down the slope is proportional to the grain mass, while the drag force
of the flow (with a component towards the inner bank) is proportional to the surface. For the same
near-bed velocity a larger grain will be directed to the outer bank (topographic sorting), while a
smaller grain will be directed inwards. In an infinitely long bend in the hypothetical river (without
interaction between the different sizes), the streamlines of the different grain sizes will eventually
become parallel, which means that the bed material is sorted completely (Olesen 1987).

Dietrich & Whiting (1989) combined theoretical research on flow and sediment entrainment in
river meanders with field measurements of sediment transport and bed surface sorting. They found
that in beds of moderately to well sorted sand in flows generating boundary shear stresses well
above critical (such as in large sandy rivers), downstream varying boundary stress is matched by
topographically induced cross-stream transport of sediment. In meanders with high excess shear
stress but poorly sorted coarse sand and fine gravel, boundary shear stress variation downstream
is partially matched by surface grain size adjustments (e.g. armouring) and by net cross-stream
sediment flux. This is in effect a sedimentological change instead of a morphological change. The
effect is a much less clear bend sorting with coarse sediment in both inner and outer bend (see fig.
2.10) than would have occurred without the surface grain size adjustments.

Figure 2.10. Sediment sorting in the river Allier, France, in between Moulins and Chatel de Neuvre.
The bed of the river Allier consists of sand and gravel. Some bend sorting was observed, but gravel
was found abundantly in both inner and outer bend. The river bed is armoured in both the inner and
outer bend. Flow is from back to front. Sand ribbons and patches (light) can be seen on the armour
layer (darker) as well.

Maxima of bedload transport rate and boundary shear stress do not correspond in some areas. In
gravel-bedded meanders with low excess boundary shear stress and low sediment supply, bedload
may be much finer than the bed surface, and significant areas of bar surface are covered with grain
sizes that constitute a very small portion of the bedload. Substantial bedload transport may only
occur over a narrow portion of the bed width where boundary shear stress relative to critical stress
of the surface is highest and where the sediment flux from upstream is locally concentrated. In this
case grain size adjustments dominate over topographically induced cross-stream sediment
transport in controlling the relationship between boundary shear stress and bedload transport
fields (Dietrich & Whiting 1989).

Dietrich & Whiting (1989) show that incorporation of the interactions between different grain
sizes have the effect that poorly sorted material in a bend can not be completely sorted out,
because the bed surface adjusts sedimentologically to the flow. This effect is further enhanced by
the presence of minerals with different densities in the sediment mixture (Bridge 1992).
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In addition to topographically induced near-bed flow, Dietrich & Smith (1984) and Kisling-Mgller
(1993) highlight the importance of cross-stream transport caused by strong troughwise currents
along the crestlines of bedforms that have skewed forms. These currents attribute to the lateral
sorting of sediment. The skewness of the bedforms is caused by shoaling induced outward flow,
causing a net outward directed bed shear stress in the innermost part of the bend. On the location
where this outward flow meets the inwards directed flow due to secondary motion, a scroll bar
may be formed.

Klaassen (1991) compared flume experimental results (Sand Flume, width 1.5m length 50m) with
a sediment mixture with results of a physical meandering scale model with the same mixture. He
found hardly any significant behavioural differences between the two. The most important
difference was in the armour layer. In the straight flume an armour layer developed on the whole
bed, but in the meandering model the armour layer only developed in the middle of the river,
while the inner bends formed sand-beds and the outer bends formed gravel beds (bend-sorting).
Therefore there was some difference during conditions below incipient motion of the coarser
fractions between hydraulic roughness and sediment transport in the two flumes.

In rivers in which the gravel is even less mobile, the gravel is often found on the upstream ends
of the point bars. It may be deposited there because, coming from the cross-over in the riffle, the
flow experiences a widening of the river when entering the next meander bend, and therefore
decelerates. This gravel deposit has been observed in the river Allier and in a scale model of the
river Meuse by the writer. Fine sand, on the other hand may collect on the point bars or in the
pools, to become available for transport in rising discharge (Lisle and Hilton 1999, Duizendstra
1999).

Concluding, sediment sorting processes on the grain scale counteract those on the meander scale
to some extend. It is expected that a meandering river with low sinuosity will therefore not have
an extremely pronounced bend sorting. Thus the effects on sediment transport of sorting on the
grain and bedform scale may be dominant, and the sorting on the scale of a meander bend may
be considered as a weak forcing parameter on the scale of bedforms and grains.

2.6 Shortcomings of the present approaches

Above, the present approaches to sediment transport calculation of sand-gravel mixtures were
reviewed, and the relevance of natural phenomena like sediment bimodality was discussed. There
are hiatuses in the fundamental knowledge of processes, a number of relations between processes
and between processes and deposits is not well known, and there are questions about the
application of the knowledge in practical predictors and models. The fundamental questions are:

i The mobility of different grain sizes varies with flow conditions and mixture
characteristics, but whether, and how it varies systematically, is not known. Bimodal
sediment seems to behave in a distinctly different way than unimodal sediment, but it is
not understood how and why (see chapter 5).

ii. A plethora of bedform types have been observed in sediment mixtures, but it is not known
systematically in what conditions these bedform types occur (see chapter 4).

iii. It is not known whether and how the turbulent flow structure associated with dunes
interacts with the vertical sediment sorting in dunes. In the troughs, the sediment is coarse
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iv.

and near the threshold of motion except for strong bursts. Yet in this region, the
entrainment and winnowing of sediment from the bed takes place when the dunes grow,
and in this region an armour layer may form (see chapter 10).

The processes at the lee side of bedforms that lead to vertical sediment sorting are not well
understood, and only little quantitative information is available how the sediment is sorted
(see chapters 7 and 8).

The discharge hydrograph, bedforms and armour layers may leave a historic record in the
river bed in the form of vertically sorted sediment. The sediment transport and the grain
size distribution of the transport material is at least partly determined by this vertically
sorted sediment in the bed. It is not known how antecedent sorting affects the sediment
transport process, e.g. how much hysteresis in transport rates it may cause (see chapters

6 and 8).

The more practical questions are:

vi.

Vil

Vili.

2.7

The entrainment of different size fractions from a mixture is often calculated with the
hiding-exposure approach. However, the empirical equations developed for the hiding-
exposure correction of critical shear stress differ between rivers and between laboratory
experiments, and it is only partly known why (see chapter 5).

Flow turbulence is important for the entrainment of sediment. It is not clear whether one
should use a stochastic approach to turbulence or to the threshold of incipient sediment
motion (see chapter 5).

It is not clear how sediment transport predictions can be done for conditions with vertical
sediment sorting in dunes and armour layers below dunes and how the effects of a historic
record of sediment sorting in the bed can be incorporated in sediment transport predictors
(see chapters 6, 9, 10 and 11).

Objectives

The general objective in this thesis is to describe and quantify the processes of sediment transport
in rivers in case of non-uniform sediment, with emphasis on mixtures of sand and gravel and the
interaction between processes on the grain scale and the bedform scale. Specific objectives in this
thesis are to:

ii.

develop a predictor for selective sediment transport of mixtures, including the probability
of movement for different size-fractions near incipient motion and fully mobile conditions
(for permanent flow), and including sediment sorting on the grain scale (hiding-exposure
phenomenon) (see chapter 5),

identify the bedform types that occur in sediment mixtures, and their significance for the
sediment transport, both for permanent and non-permanent (floods) hydraulic conditions,
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iii.

iv.

2.8

and develop a predictor for the bedform types (see chapter 4),

identify vertical sediment sorting processes and determine their role in sediment transport,
in specific for the combination of dunes and armour layers (see chapters 6 and 10),

identify and quantify the effect of dune development, armouring and other sorting
processes in the bed on sediment transport in non-steady conditions (discharge wave) (see
chapters 6, 9 and 10),

develop a model for bedform-related sorting processes of bed sediment and determine the
effects of the vertical sorting on selective sediment transport of mixtures (see chapters 9
and 11).

Hypotheses and conceptual modelling approaches

Below, hypotheses are given that correspond to the objectives and shortcomings discussed above.
Part of the hypotheses is based on the literature review, while other parts are conjectures. In
addition, modelling approaches are suggested at the end of each hypothesis.

iil.
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The transport of a sediment mixture can be considered as the sum of the sediment
transport of each uniform grain size fraction for all grain sizes present in the mixture. In
that case, the hiding-exposure phenomenon is taken into account. In addition, the near-
bed turbulence must be taken into account, as this affects the transport of the largest grain
sizes which are near or below their threshold of motion.

Thus the transport might be computed with predictors for uniform sediment as follows.
The sediment mixture is divided into grain size fractions. For each fraction, the transport
can be computed with the predictor for uniform sediment. The hiding-exposure
phenomenon can be incorporated by correcting the critical Shields parameter for each
grain size fraction. The shear stress acting on the grains can be varied stochastically to
account for near-bed flow turbulence. Even when the average shear stress is below the
assumed threshold of motion, this stochastic approach should yield small transports. Thus
the partial transport condition, averaged over the length of several dunes, can be
adequately modelled (see chapter 5).

Bedform types in sediment mixtures are, just like their counterparts in uniform sediment,
dependent on the flow conditions and sediment size. However, whether a bedform type
is able to develop, is also dependent on the amount of sediment available for the formation
of the bedforms, and the grain size of that available sediment. In the case of partial
transport or an immobile armour layer, the bedforms may not be able to develop from the
local bed sediment, because the entrainment or transport of finer sediment is inhibited by
the overlying immobile coarse sediment. In those conditions, the bedform type is
dependent on the upstream sediment input (see chapter 4).

Two processes may cause vertical sorting in the river bed, acting simultaneously. The first
is grain size-selective entrainment and deposition of sediment, due to which a gravel lag
may develop on the bed below the moving sediment (see chapters 9 and 10). The second



process is the vertical sorting in the grain flow at the lee-side of bedforms, which may also
be preserved in the river bed (see chapters 7 to 9).

It is not clear how these two sorting processes and their interaction could be modelled.
The grain-size selective deposition of a gravel lag in the troughs of dunes might be
predicted with a fractionwise bedload transport predictor (given in hypothesis i.), but this
is not likely to work since the predictor does not account for the flow structure in bedform
troughs (see the previous section). The grain flow process is only qualitatively understood;
a predictive model is not available.

iv. Due to the vertical sorting processes mentioned in the previous hypothesis, the sediment
in a river bed is sorted during a discharge wave. The depth from which this sorted
sediment is entrained during a subsequent discharge wave, is determined by the depth of
the bedform troughs during that discharge wave. Since bedload sediment transport partly
depends on the grain size and mixture characteristics of the sediment available in the bed,
the sorting affects the transport rate in rising discharge when the sediment is entrained
from increasing depths below the bed surface. Thus both the sediment transport and the
vertical sorting in the river bed are then expected to depend partly on the discharge
history of the river as preserved in the river bed (see chapters 9 and 11).

The history effects of sediment sorting on sediment transport depend partly on the
bedform height, which might be measured, or modelled with an appropriate predictor.
Whether bedforms occur at all, could be predicted with the method given under
hypothesis ii. The bedform height then determines the thickness of a transport layer, in
which the sediment is entrained and sorted. The bedload transport of the transport layer
could be computed with a fractionwise bedload transport predictor (given in hypothesis
i.). The vertical sorting due to the two mechanisms described under hypothesis iii. can,
however, not yet be predicted except with empirical formulae derived from flume or field
measurements for reasons mentioned before.

2.9 Integral conceptual model

The hypotheses and modelling approaches given in the previous section can be combined into an
integral conceptual model, which could be implemented in numerical models. This conceptual
model is based on the morphodynamic system as described in the introduction (chapter 1, see fig.
1.2), in which all phenomena, conditions and sediment types are in principle incorporated. In
figure 2.11 the structure of a morphodynamic system is given, including bedforms explicitly and
thus emphasising the relations between the scales of grains and bedforms.
Every relation has a number and is described below. As given in the specific objectives, only
relations 1, 2, 4, 7, 8 and 9 are addressed in this thesis. The net bed level change at the meander
length scale, sorting at the meander scale, and the ondulations due to dune migration are not
referred to here because the morphodynamic model as sketched here refers to one single position
on the river bed. It could in principle be applied to all positions in the framework of a two-
dimensional morphological model. :
1. The relation between water motion and sediment transport is given by a sediment
transport predictor as described in hypothesis i. This relation only accounts for processes
on the grain scale (see chapter 5).
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Figure 2.11. Conjecture of extended morphodynamic system of a river bed with bedforms (compare
to figure 1.2). The relations are numbered, see text for explanation. The fat underlined numbers
denote relations that are addressed in this thesis. Dashed lines indicate that there is no direct feedback
but a history effect.
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The transported bedload sediment is accumulated in the bedforms. The bedform type is
dependent on the flow conditions, the sediment available for transport and the
characteristics of the transported sediment as described in hypothesis ii (see chapters 4 and
9.

Bedforms change the flow characteristics. The flow separation at the brinkpoint of the
bedforms causes turbulent vortices. This turbulence is the cause of hydraulic form
roughness. The dimensions of the flow separation zone are dependent on the bedform
brinkpoint height. In addition, the turbulence in the bedform trough partly determines
the winnowing and entrainment of sediment. As argued in shortcoming vi. and hypothesis
iii. it is not clear how to model this effect (see chapter 6).

The bedform height determines from what depth the bed sediment is entrained as
described in hypothesis vi. If the bed sediment is vertically sorted as described under
relation 7, then the dune height and sorting both determine what sediment is available
for entrainment and transport. The dashed line in figure 2.11 denotes that this is not an
immediate feedback but a history effect. Relations 4, 7 and 9 together form a strong
interaction between the grain and bedform scale (see chapter 9).

If there is a net gradient in transport then the bed aggradates or degradates.

There is a feedback between bed level and water motion: local erosion of the bed will
result in a larger water depth, which means a decrease in flow velocity, and vice versa.
The existence of bedforms in non-uniform sediment leads to a vertical sorting of sediment
as described in hypothesis iii. This sorting has its own feedback mechanisms (arrows both
ways). The base level of the bedforms is enriched with untransportable sediment, which
will lead to a decrease and eventually complete arrest of the winnowing process
(entrainment of sediment from the bedform troughs). This may be seen as a variant of the
armouring process (see chapters 4 and 9).

The bed surface grain size (resulting from the sorting processes) has a small influence on
the water motion, as it determines the hydraulic grain roughness (as described in the
literature review) (see chapter 5).



9. The sedimentological history in the bed due to vertical sorting by bedforms determines
partly what sediment is available for sediment transport as described in hypothesis iv. The
dashed line in figure 2.11 denotes that this is not an immediate feedback but a history
effect (see chapters 6 and 9 to 11).

2.10 The sky is not the limit

This study has been constrained within a certain range of phenomena, conditions and sediments,
given here in order of decreasing length scale:

. Braided rivers are not considered, because of their widely differing planform (wandering
bars) compared to meandering rivers,

. The spatial scale not larger than one meander bend and not smaller than the scale of
hiding/exposure (see fig. 1.2),

. Sediment sorting is only studied in the vertical direction (e.g. caused by bedforms), not in
the horizontal direction like sorting in meander bends, patchiness,

o No flow calculations are done: flow is a (measured) boundary condition, and turbulence
is described with straightforward statistical techniques, thus excluding relations 4 and 9,

. No extensive bedform generation mechanisms are considered, the presence of bedforms
is a boundary condition, which excludes relation 9,

. No morphological modelling of bed level change is done, this study is limited to the

sediment entrainment, transport and deposition processes at a point, thus excluding
relations 3 and 4,

. No extensive armour layer generation mechanisms are considered,

o Only bedload sediment transport is included presently, suspended bed sediment transport
is only addressed when necessary to understand the vertical sorting in bedforms, thus
excluding part of relation 1.
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3

Method and accuracy of sediment transport
measurements in large sand-gravel bed rivers

“First get your facts; then you can distort them at your leisure.” Mark Twain

Abstract

The accuracy of cross-channel integrated sediment transport of bed-material is determined
with an elaborate set of field measurements in the river Waal, the Netherlands. The
measurements were done during a discharge wave in the upstream part of the river, which has
a bimodal sand-gravel-bed.

The sampling strategy should take both spatial and temporal aspects into account to obtain
maximum accuracy. Presence of moving bedforms, differences in bed sediment grain size in
the cross-section and presence of preferential transport lanes dictate that at least 5 subsections
for sampling in the cross-section are necessary.

The accuracy of cross-channel integrated bedload transport depends mainly on the
measurement strategy. An uncertainty of less than 20% (bedload) and 7% (suspended load) of
cross-channel integrated sediment transport is shown to be feasible if 30 samples of bedload
and 2 vertical profiles of suspended bed-material load are taken in one subsection, provided
that the cross-section of the river is divided into at least 5 subsections. The samples in one
subsection should be distributed over the length of the bedform.

Changes of discharge during the measurements cause systematic differences between the
subsections. To minimize this uncertainty a compromise between the spatial and temporal
accuracy is necessary. Therefore, when only one vessel with instruments is available for doing
the measurements, the number of sampling positions and subsections must be reduced if the
rate of change of discharge is large.

Based on the results a prediction method is given to estimate the feasable accuracy in the
planning phase of future campaigns, and the necessary time and financial investment for that
accuracy.

This chapter is reproduced from:

Kleinhans, M. G. & Ten Brinke, W. B. M. (2001). Accuracy of cross-channel sampled sediment
transport in large sand-gravel-bed rivers. Journal of Hydraulic Engineering 127(4), ASCE, pp.
258-269, reproduced with permission of the ASCE.
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3.1 Introduction
3.1.1 Objective and definitions

Accurate assessment of cross-section integrated sediment transport in a river is important for
many research and engineering questions. Sediment transport in rivers is often estimated by
inter- and extrapolation of measurements in a cross-section. Samples taken with a trap-type
instrument (e.g. Helley Smith and Nile Sampler) are small and the duration of sampling is
short relative to the spatial and temporal variations in transport. This is also true for locally
determined vertical profiles of suspended transport. In large rivers these variations may lead to
unacceptable large errors in mean transport, even after averaging of repetitive measurements.
This paper deals with the question of accuracy of sediment transport estimates based on in situ
measurements in the Dutch river Waal. This is done by an empirical assessment of the
contributions of systematic errors, stochastic errors and natural variability. Although some
stochastic errors could not be separated from natural variability with the present dataset, they
are discussed separately to be able to minimize them effectively in the measurement strategy
and data processing procedures. By choosing a sampling strategy that covers the important
time and spatial scales of transport variation the contribution of natural variability to the
overall uncertainty can be minimized. The strategy of sampling in relation to the natural
variability of sediment transport is the main object of this paper. Measurements of sand-gravel
transport were done with a trap-type (Helley Smith like) bedload sampler and a 1-D
(acoustical) suspended load instrument. As a second goal, the study aims at finding a decision
tool for setting up a sampling program in a river based on a pre-defined level of accuracy.

For practical reasons, bedload transport is defined as the transport of bed material between the
bed and the height of the bedload sampler. Suspended transport is then defined as the
transport of bed material above the bedload sampler. Wash load (clay and silt < 64 um) is not
included in this study.

Uncertainty is defined herein as a relative standard error (given in percentages of the average
values), which can be calculated as the difference between the average value and the value of
the 67% error margin.

3.1.2 Review

Spatial variations of sediment transport in meandering sand-gravel-bed rivers are mainly
caused by bedforms and systematic grain size sorting of bed sediment in meander bends due to
cross-sectional flow distribution. Temporal variations of sediment transport in a single point
are mainly caused by turbulence, changes in bed shear stress due to variations in discharge and
water surface gradient and the movement of bedforms at that point. Both spatial and temporal
variations of transport have been studied extensively (e.g. Gaweesh & Van Rijn 1994; Kuhnle
1996; Powell 1998). Implications of these variations for the strategy of field measurements to
obtain an accuracy as high as possible, however, have received relatively little attention. The
available studies were done in very small channels mostly.

Emmett (1980) mentions that cross-channel and temporal variations of bedload are significant
but does not quantify the effects. From experience Emmett estimates that 20 equally spaced
samples across the river are necessary for a 15 m wide sand-gravel-bed river. This number is a

60



subjective compromise between the necessary spatial coverage and the time needed for
sampling across the river. It is not clear how accurate this method is.

Hubbell (1987) studied the effect of temporal and cross-channel variation of bedload transport
on the uncertainty of the cross-channel averaged bedload transport. Hubbell found that both
temporal and spatial variations affect the final uncertainty. With high temporal variations in
transport Hubbell recommended fast repetitive sampling of the cross-section at only a few
points. With high spatial variation, sampling is recommended at those positions only that are
required to identify the lateral distribution of mean transport. In this way the measurement
effort is minimized. Hubbell found that an uncertainty of less than 20% is feasible with
between 100 and 200 samples when variation of transport in the cross-section is moderate, but
no method could be given to choose the appropriate strategy beforehand.

Recently, Gomez & Troutman (1997) modelled bedform behaviour at moderate transport
conditions to obtain the best sampling scheme. They found that an optimal compromise
between spatial and temporal variation was to sample four or five times across the river and
collect 20-40 samples over a period of 3-8 hours. However, these results are obtained for small
rivers and neglect performance of samplers and large scale spatial variability of flow and bed
material.

Powell et al. (1995) measured bedload transport in small ephemeral channels with only three
to five recording bedload traps. They found that the cross-stream variability is larger and more
complex for wider channels and with higher stages. Powell et al. (1995) hypothesized that
secondary flow can develop better in wider channels and during higher stages, which explains
the higher variability of the sediment transport. This indicates that the total uncertainty of
cross-channel sampled bedload transport may be larger in wider rivers, depending on the
measurement strategy.

Gaweesh & Van Rijn (1994) estimated the uncertainty of cross-channel integrated bedload
transport with field measurements on the rivers Nile (Egypt) and Rhine (The Netherlands).
These rivers are much larger than previous examples, but the discharge (and therefore the
temporal variation in transport) was low and constant. The measurements were done with a
ship-board operated trap-type (like a Helley Smith, e.g. Emmett 1980) bedload sampler
(‘Nile-sampler’). Both meandering rivers had depths of a few meters and widths of a few
hundred meters. The river beds consisted of medium and coarse sands and were covered with
dunes with heights of a few decimeters and lengths of several tens of meters. The cross-section
was divided in 7 subsections, in all of which samples were taken on five fixed locations along a
bedform from trough to top, thus accounting for a part of the spatial and temporal variation.
At each position on the dune ten samples were taken with the bedload sampler, in contrast
with Emmett (1980) and Hubbell (1987), who only took one sample at every measurement
position. All samples in each subsection were used to determine the relative error of the mean
transport as a function of the number of samples. This function was combined with the
uncertainty of width of subsections in an error analysis to calculate the uncertainty of the
cross-channel integrated transport. Gaweesh & Van Rijn (1994) found that the uncertainty
was about 20 percent if the cross-section was divided in seven subsections, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>