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Berg & Van Gelder (1993, 1998). A) bedfmm stability in lower flow regime (Fr<1). B) bedfmm stability in 
upper flow regime (Fr>1). Diagonal black lines indicate Fr:O.S and Fr=l.O at an arbitrary water depth. 
Grey lines indicate Fr:0.8 and Fr= 1.0 at a larger water depth (h = >'j and at a smaller water depth (H = <). 
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layer (ov), after Allen (1985). 36 
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4.1. The tributaries of the Rhine River in The Netherlands. The numbers in (B) and (A) indicate the 
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4.6. Small part of a bed profile from Subsection 2C (fig. 4.1C) on 16 Februaty 1998 showing large dunes 
(grey) which are superimposed by small dunes on the stoss and lee-sides. 80 
4.7. Phase diagrams of changing dune length in all three sections using all available data from Table 4.1. 
Filled and open triangles distinguish between single and multibeam measurements respectively. Filled and 
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2A. The arrows going to the right indicate the average development during rising discharge, whereas 
arrows going to the left indicate the development during falling discharge for specific floods. For Section 3, 
the dune length of both the large dunes in the northern half and the small dunes in the southern half is 
shown. 82 
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shown. 83 
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Filled and open triangles distinguish between single and multibeam measurements respectively. Filled and 
open squares and dots, respectively, distinguish between primary and secondary dunes in Sections 1 and 
2A. The arrows going to the right indicate the average development during rising discharge, whereas 
atTows going to the left indicate the development during falling discharge for specific floods. For Section 3, 
migration rates were only calculated for the large dunes from the north em half of the river. 86 
4.10. Phase diagrams of changing bedload transport rate in all three sections using all available data from 
Table 4.1. Filled and open triangles distinguish between single and multibeam measurements respectively. 
Filled and open squares and dots, respectively, distinguish between primary and secondary dunes in 
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dimensionless migration rate (C) and dimensionless bedload transp01i rate (D). Only measurements during 
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function, the outer solid lines define the 100% deviation range from this power function. 96 
4.16. Relations between dimensionless grain-related shear stress and dune height (A), dune length (B), 
dimensionless migration rate (C) and dimensionless bedload transport rate (D). Only measurements during 
rising discharges are used. The middle solid lines show the fitted power functions along with the power 
function, the outer solid lines define the 100% deviation range from this power function. 97 

5.1. The development of dune height and length related to the changing bed shear stress near the 
Pannerdensche Kop, Sections 1 and 2 (a) and near Druten, Section 3 (b). Dates indicate the year in which 
the flood occurred. In all cases hystereses was anti-clock wise. 105 
5.2. The measured dune heights (a) and lengths (b) of the Rhine branches plotted in diagrams of Allen, 
(1968). Frequency (N) histograms of the dune height, length and water depth of the Rhine data are drawn to 
show that the most frequent characteristics are predicted with the predictor of Allen, (1968). 107 
5.3. Evaluation of several predictors in predicting dune height (a) and dune length (b) in the Bovenrijn for 
the flood of 1998. A value of 1 in H/Ho denotes a perfect prediction. The predictors are named by the 
authors and their publication date, and the graphs are split to distinguish between primary and 
superimposed secondary dunes. 109 
5.4. Example of reaction and relaxation time. 110 
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5.5. The rate of adaptation of a dune characteristic (D) depends on the difference between the dune 
dimensions before the change in flow conditions (D0) and the new equilibrium dimensions (Dro). See also 
eq.5.1.111 
5 .6. Exponential fit of the proportion of change in dune height as a function of time step (days) between 
measurements for the Bovenrijn during the flood of 1998. 115 
5.7. Examples of observed and predicted dune development: a) in the Bovenrijn (Section 1) for 1995. b) the 
Pannerdensch Kanaal (Section 2b) for 1998. c) the Waal near the Pannerdensche Kop (Section 2c) for 
1997. d) the W aal near Druten (Section 3) for 1997. 11 7 
5.8. Comparison between observed and predicted dimensions. The line at a 45° angle denotes a perfect 
simulation. a) Bovemijn (Sections 1 and 2a). b) Pannerdensch Kanaal (Section 2b). c) Waal near 
Pannerdensche Kop (Section 2c). d) Waal near Druten (Section 3). 118 
5.9. Influence on the prediction of equilibdum dune height of a hypothetical change in D50 of transportable 
matelial in the Bovemijn (Section 2a) during the flood of 1998. 120 

6.1. Example of the average flow over a dune (not to scale). The arrow lines indicate stream lines, while 
vertical lines show the location of velocity profiles. 132 
6.2. a) definition of the bed form characteristics. b) defmition of the separation zone characteristics. c) 
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6.7. a) relation between dimensionless separation length (Ls/H) and the Reynold's number. The original 
figure was created by Kadota & Nezu (1999), but the results of the present analysis have been added. 
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1 General introduction 

1.1 Background and problem definition 

Natural alluvial rivers by definition bear the threat of flooding. However, the presence of 
water and the fertility of floodplains has always attracted mankind. Presently many of 
these areas are heavily populated, and in order to prevent the rivers from flooding or 
eroding their banks, and to increase the navigation possibilities, the physiography of 
many of these rivers has been altered. In The Netherlands, already in medieval times, 
dikes were build to protect the homes and agricultural fields (Edelman et al., 1950; 
Egberts, 1950; Pons, 1957; Hesselink, 2002). Later on, channels were straightened and 
arrays of groynes constructed, in order to increase navigability and enhance drainage of 
high discharge peaks (Bosch & Van der Ham, 1998). All these changes resulted in 
confined and regulated rivers, in which higher water levels are reached than was possible 
in their former natural state, especially during large floods (fig. 1.1 ). 

b Main Channel Natural 

Embanked Embanked 
ftoodplain Main Channel ftoodplain 
+-----·~---------~ Regulated 

Figure 1.1. The physiography of the rivers in The Netherlands (a) and the influence of this regulated state 
versus the natural state on water levels during floods (b). 
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Every year more evidence is found that the climate is changing worldwide (IPCC, 2001). 
For the river basins drained by the Dutch rivers, the probable consequences of this 
changing climate are; an increase in temperature and, more importantly, an increase in 
precipitation (Kwadijk, 1993; Midde1koop, 1997, Middelkoop, 2000; Middelkoop et al., 
2001). Consequently, more water has to be transported by the rivers, probably in more 
and larger floods. In the lower Rhine branches (The Netherlands), this may lead to an 
increase of high water levels by 25 to 30 cm (Silva et al., 2000). A predictable first 
response to this threat would be to increase the height of the dikes. However, in the long 
run this would increase the chance for a catastrophic dike breach. In addition, a further 
increase of the height of the dikes might cause damage to the valuable cultural and scenic 
aspects of the area (Silva et al., 2000). Therefore, in The Netherlands, a number of 
alternatives is considered that will reduce the water level at high discharge. Two types of 
measures can be distinguished, the enlarging of the flow cross-sectional area between the 
dikes, by lowering or widening of the floodplain or the river bed, and, secondly, the 
reduction of the flow resistance. Generally, this resistance is denoted as hydraulic 
roughness. Hydraulic roughness is caused by any protruding element in the flow that 
produces shear stresses and turbulence. Natural roughness is caused by sediment 
particles at the bed surface, bed forms and vegetation. In addition, artificial obstacles 
such as groynes may add considerably to the flow resistance. 

A number of measures to reduce the flow resistance at high discharge involves the 
removal of small dikes from the embanked floodplains or reducing the height of groynes. 
However, when: considering the effect of such measures, it is necessary to lmow the 
contribution of the bed of the main channel to the flow resistance of the river, assuming 
that this contribution changes only little as obstacles are removed from the embanked 
floodplains. It is from this perspective that this study started. 

The bed of the main channel of the Rhine and the Meuse consists of loose sand and 
gravel. This bed may be flat in which case the hydraulic roughness is caused by the 
coarse fraction of the grain size distribution of the bed material (Van Rijn, 1984). 
However, during many flow conditions (especially during flood waves) the bed of these 
rivers becomes covered with subaqueous dunes. Dunes protrude much higher into the 
flow of water than single grains and therefore produce a form resistance that is larger 
than the bed grain roughness (Van Rijn, 1984). Dunes also increase in height as the 
discharge rises during a flood, further increasing their hydraulic roughness. 

Thus, as soon as dunes appear on the riverbed they determine most of the hydraulic 
roughness. The form resistance of a dune is related to the turbulence produced in the 
wake downstream of it, which in turn is related to the size and shape of the dune. 
Therefore, in order to analyse dune generated roughness, it is necessary to lmow the 
geometric characteristics of the dunes that are present on the bed and to lmow how these 
dune characteristics develop during the rising and waning of a flood. The present study is 
aimed at investigating the dune development in non-steady flows and to calculate the 
hydraulic roughness of these dunes. 

In the following sections a short introduction is given of the present state of knowledge 
on the formation and development of subaqueous l:iunes and their relation to flow 
conditions and sediment transport. After that, a number of scientific questions are 
presented that will be addressed in this thesis along with a number of restrictions 
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concerning topics that will not be addressed. The present state of knowledge will help to 
explain the choice of the scientific questions and the restrictions. 

1.2 Subaqueous dunes 

Dunes are basically triangular bed forms moulded by the flow in loose, non cohesive 
sediments. They form repetitive patterns in the bed and may be several meters to 
hundreds of meters long en deCimetres to meters high (see Chapter 2 for a more detailed 
definition used throughout this thesis). Dunes grow or reduce in length and height as the 
bed load transport increases respectively decreases, and they migrate downstream 
because material is eroded from the stoss side and deposited on the lee side. 

Dunes are common features in many rivers. In small rivers with sandy beds, the dunes are 
relatively small. For instance, the Calamus river in the USA, 15-20 m wide, 0.35-0.6 m 
deep and bed material of 0.35 mm sand, has dunes of 0.1-0.2 m high and 2--4 m long 
(Gabel, 1993). In larger rivers with sandy beds such as the Elbe and Weser in Germany, 
the Mississippi in the USA and the Orinoco in Venezuela, much larger dunes are found. 
At a specific location, for example, the Orinoco is 1200 m wide and 13-27 m deep and 
the dunes are 10-225 m long and 0.2-3.2 m high (Nordin and Perez-Hernandez, 1989). 
Dunes are also present in gravel bed rivers. In the North Fork Toutle River (USA), the 
dunes are 2.5-13 m long and 0.15-0.75 m high (Dinehart, 1989). Therefore, it is not 
surprising that especially during floods, the sand and sand-gravel beds of the Rhine 
branches in The Netherlands are generally also covered with patterns of dunes (fig. 1.2). 

1.2.1 Dune formation 

The initiation of dunes is generally explained by the so-called "stability theory" 
(Kennedy, 1969, 1980; Reynolds, 1976; Richards, 1980; Engelund and Freds0e, 1982). In 
this theory, the initiation of dunes is seen as a result of the instability of the sand and 
water interface. If a bed is slightly perturbed so that flow and sediment transport are 
disturbed, two directions of development are possible (Engelund and Fredsoe, 1982): 

1. In a stable situation, the disturbed flow and sediment transport will diminish the 
perturbation so that a stable plane bed will again be formed. 

2. In an unstable situation, the disturbed flow and sediment transport will increase 
the perturbation in time by eroding in the depression and depositing on the higher 
parts. 

Whether a situation is stable or unstable depends on a phase shift between bed elevation 
and especially bed roughness, flow velocity and sediment transport (fig. 1.3). 
Gravitational forces, local turbulences and water surface waves may also play a role. 

In an unstable situation, the phase shift (o) manifests itself by the fact that the flow 
velocity (u, in fig. 1.3) is at its maximum just downstrea1.11 of the maximum bed-elevation 
z(t) but the bed-load transport is not at its maximum until just upstream of the next 
maximum bed-elevation (fig. 1.3). This phase shift between flow velocity and bed-load 
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transport causes deposition just after the top of the perturbation and scour in and just 
downstream of the trough. With a phase shift as shown in fig. 1.3 the perturbation will 
move downstream. If the phase shift is somewhat smaller, the perturbation will grow and 
in case of a very small perturbation, it can even move upstream (Kennedy, 1969). 

Deposition 

Scour 

Figure 1.3. Example of the phase shift (8) between flow velocity (U) and bedload sediment transp01i in an 
unstable situation. Z(t) is the bed-elevation at timet, z(t+~t) the bed-elevation after some time and d is the 
average water depth (after Kennedy, 1969). 

There is still much unknown about how and why these phase shifts occur. Probably they 
are created by local turbulence, and related to dune shapes. Therefore, much of the 
current research is focussed on sediment transport over dunes (Venditti & Bennett, 2000; 
Cellino & Graff, 2000; Kleinhans & Van Rijn, 2002) and turbulent structures (Van 
Mierlo & De Ruiter, 1988; McLean et al., 1994; Nelson et al., 1995; Bennett & Best, 
1995; Venditti & Bennett, 2000). There is much less research focussing on the shape and 
development of dunes, especially in unsteady conditions. This is one of the major issues 
of the present study. The present state of knowledge on shape and development of 
subaqueous dunes will be addressed in Chapter 2. These investigations will eventually 
bring us closer to understanding how and why dunes are created and how they develop 
from initiation. Whether this understanding will make it easier to predict this behaviour 
outside controlled flume conditions is, however, still very uncertain (ASCE Task 
Committee on flow and transport over dunes, 2002). 

1.2.2 Dune roughness 

Dunes contribute to hydraulic roughness due to turbulence produced in the wake that 
develops downstream of a dune. On the one hand, this turbulence is produced by 
expansion over the lee-side trough (Camot equation, in: Van Rijn, 1994), while on the 
other hand, the steep decline of the surface elevation at the lee-side causes the flow to 
separate from the surface, creating a re-circulating flow in the flow separation zone. In 
this separation zone, large turbulent eddies are created that dissipate energy by 
transferring it, to the bed to pick up sediment, or to the water surface to create boils and 
waves (Mi.iller & Gyr, 1986; Kostaschuk & Villard, 1996; Kadota & Nezu, 1999) (fig. 
1.4). 
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Figure 1.4. The expansion and separation of the flow over the lee-side trough of a dune. 

The hydraulic roughness is strongly related to the height of the dunes. When a dune 
increases in height, the flow expansion behind it becomes larger, dissipating more 
energy. A larger flow separation zone means that larger and more turbulent eddies are 
produced, as was clearly documented in a number of flume experiments (Muller & Gyr, 
1986; McLean & Wolfe, 1993; Bennett & Best, 1995). However, not only dune height is 
important, the hydraulic roughness of a field of dunes in a river is also influenced by the 
dune shape, dune length and frequency of occurrence. 

Results of investigations on the expansion of the flow over the lee-side trough and on the 
creation and type of turbulent eddies that are formed in the separation zone (Muller & 
Gyr, 1986; McLean & Wolfe, 1993; Bennett & Best, 1995) have been used to test 
sophisticated flow models with build-in prediction methods for turbulence (for example 
K-c or K-m, Rodi, 1984). However, the shape and size of the flow separation zone and 
the location of the separation point can still not be predicted accurately and these flow 
models still require a large computational power. These models therefore are not yet 
practical to investigate and predict the hydraulic roughness of dunes in rivers. 

Other investigators used flume and field measurements of dunes and hydraulic roughness 
to create empirical predictors for the dune roughness (Vanoni & Hwang, 1967; Van Rijn, 
1984). These predictors perform reasonably well in controlled flume condition and in the 
steady flows of small rivers. However, in large rivers the results are much less impressive 
(Julien et al., 2002), probably caused by the non-steady development of the dunes in the 
non-steady flows (hystereses and superposition) or by a misrepresentation of the dune 
and flow characteristics that determine the hydraulic roughness of dunes. 

1.2.3 Dynamic feedback loop 

Dunes are moulded by bed load sediment transport and exert a significant hydraulic 
roughness and flow retardation. This hydraulic roughness however, reduces the bed-load 
transport which, in turn, changes the dune morphology (Kleinhans, 2002). Thus, there is a 
strong dynamic feedback loop between flow, sediment transport and dunes (Muller & 
Gyr, 1986; Simons & Senti.irk, 1992; Best, 1993; Kleinhans, 2002). When one of these 
three factors changes, it also changes the other two anfi eventually even itself (fig. 1.5). 
This means that an analysis of the development of dunes and the hydraulic roughness 
related to dunes, must take the complete feedback loop into account. 
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Figure 1,5. A dynamic feedback loop between flow, sediment transport and dunes. 

1.3 Research objectives 

This study is focused on the development and hydraulic roughness of dunes in non-steady 
flows during floods in medium-sized rivers with sand or sand-gravel beds like the Rhine 
and Meuse. The specific goals are: 

1. To predict the development of dune shape and size in non-steady flows during 
floods. 

2. To predict the hydraulic roughness caused by dunes using the characteristics of 
dune shape, size, and flow conditions. 

To achieve these goals the following research questions are answered, bearing in mind 
the dynamic interaction between flow, sediment transport and dune development. 

• How do sediment transport and dunes interact and how is the migration of dunes 
related to the bed load transport? 

• How do the dunes in the Dutch rivers change during the unsteady flow conditions 
and how can these changes be predicted? 

• What is the relation between dune shape and size, the dimensions of the flow 
separation zone, and the hydraulic roughness of a dune? 

• How can the hydraulic roughness of dunes be predicted with dune characteristics? 

• What is the cause of the superposition of dunes in the Dutch rivers and how does 
this superposition influence the bed load transport, dune development, and 
hydraulic roughness? 

Answering these research questions is done within certain constraints as not all aspects of 
subaqueous dunes can be analysed. 
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• The only bed forms that are considered are dunes, as defined in chapter 2. Other 
bed forms are considered to be absent, undetectable or not important unless stated 
otherwise. 

• This also means that the morphological and temporal scales of the studied 
processes are related to the dimensions and migration rates of these dunes. 

• Although sediment transport is an integral part of the feedback loop the detailed 
processes and predictive formulae will not be given much attention as this has 
been extensively studied by Kleinhans (2002). 

1.4 Organization of the thesis 

The thesis is divided in two parts; Part 1 concentrates on the development of dunes 
during non-steady flows, and Part 2 concentrates on the hydraulic roughness of dunes. 
First in Chapter 2 the classification of different bed forms and a definition of dunes is 
addressed, as this term is used throughout the thesis to describe the bed forms that are 
studied. Attention will also be paid to the relations between bed form types and flow 
velocity, bed form types and flow patterns, plan form differences of bed forms, and the 
occurrence of superposition. 

Part 1 starts with Chapter 3 which addresses part of the interaction between sediment 
transport and dunes by studying how dune shape changes the pathways of sediment 
transport and how dune migration can be used to calculate the bed load transport. Chapter 
4 provides a comprehensive description of the measurements that were used for the study 
of dune development in the Dutch rivers, and in Chapter 5 the non-linear development of 
the dunes in the Dutch rivers during floods is analysed, together with the possibility of 

· accurately predicting this development from unsteady flow conditions. 

Part 2 starts with Chapter 6 concerning the relation between dune dimension, the 
dimension of the flow separation zone on the lee-side, and the hydraulic roughness of a 
dune. Relating dune dimensions to hydraulic roughness probably becomes more reliable 
if the size and shape of the flow separation zone is considered first. The results from 
Chapter 6 are used in Chapter 7 to answer the question: How can the hydraulic roughness 
be predicted on the basis of dune characteristics? Finally, in Chapter 8, the results and 
conclusions of the project are summarized. An analysis is presented of predicted dune 
development and hydraulic roughness during a virtual extreme flood in the Rhine River, 
together with scientific recommendations for future research. The question regarding the 
influence of superposition is also addressed in this chapter. 
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2 Classification of subaqueous bedforms 

Abstract 

This chapter provides a bedfonn classification which uses both descriptive and 
conditional terms with the special aim to classify the bedforms, that are observed in the 
environmental settings used throughout this thesis. Dunes in river channels are 
asymmetrical transverse bedforms with a gentle stoss side slope and a steep lee side 
slope. They occur as repetitive forms of similar size and shape, and cover large parts of a 
river bed. Their dimensions are strongly related to water depth and flow strength and are 
in the order of 1 m to hundreds of meters long and 10 cm to many meters high. In most 
cases dunes are 3 dimensional shapes, but straight almost 2 dimensional shapes have been 
reported also. 

Other bedfonns such as, bars, ripples, anti-dunes, stripes and barchans are also briefly 
described in this chapter to indicate that they occur in different conditions to dunes and 
that they have a different shape or size. Finally attention is given to the discussion on 
low-angle dunes and the superposition of dunes. Both are related to the same flow 
conditions as dunes. However they both fall outside the classification provided here. 
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2.1 Introduction 

When considering the river bed as completely flat, any undulation of, or accumulation on 
this bed might be called a bedform. Many different types of bedforms are distinguished, 
ranging from very small high ripples in sand bed rivers (Mahmood et al., 1984), and bed 
load sheets in gravel-bed rivers (Whiting et al., 1988), or sand ribbons in mixed sand
gravel bed rivers (Kleinhans et al., 2002), to very large forms such as scroll bars or 
alternating bars in large rivers (Smith, 1974; Rein & Walker, 1977). However describing 
and naming a bedform requires a uniform bedform classification scheme usable in all 
situations where bedforms are found. 

A classification of bedforms should identity distinct forms according to size and shape 
and should be practical in both active and fossil settings. However, bedforms are 
observed in many different environments such as rivers, coastal embayments and 
continental shelves (ASCE, 1966; Ashley, 1990). In these environments, bedforms range 
in dimension from centimetres to several hundred meters, in shape from symmetrical to 
asymmetrical in profile view, and from straight to either convex or concave in plan form 
(Harms, 1969; Costello & Southard, 1981). Hence, both bedform, size, and shape form a 
continuous range without objective boundaries to classifY bedforms on purely descriptive 
terms (Yalin, 1964; Kennedy, 1969; Alien & Collinson, 1974). Over the past decades this 
resulted in the vast variety of bedform names, created by different investigators, 
including numerous duplicates, overlapping definitions and conflicting terms (ASCE, 
1966; Ashley, 1990). The main goal of this chapter is therefore to create a bedform 
classification which uses both descriptive, and conditional terms, to describe the 
bedforms that are observed in the environmental settings used throughout this thesis. 

Environmental 
setting 

Flow pattern 

flow condition 

sediment 
mobility 

Bed forms 

/~=----' -~~--=----------,, --...________ ----~-
Channelized Channelized Unchannelized ~ .... 
unidirectional reversing reversing 

(RivrJ-------------~-----
ve,tical pattern Horizontal pattern 

!
--.......~~- (Bars) 

~ ........ -----,, 
Sub-critical Supe-~critical 
~ V\olidco,, ... ) 

Ripples Dunes 

Figure 2.1. Classification scheme ofbedforms described in this study. 
f. 

In the bedform classification proposed in this study, bedforms are divided, first of all, 
into groups according to their environmental setting (fig. 2.1). A distinction is made 
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between channelized and unchannelized environments with unidirectional or reversing 
flows. Secondly, bedforms in river settings, are divided according to their relation with 
horizontal or vertical flow patterns. Bedforms that are related to horizontal flow patterns 
are called bars, while bedforms related to vertical flow patterns which are called 
transverse bedforms, are further divided according to conditions of sub-critical and super
critical flow. Finally, bedforms in sub-critical flows are classified according to their size, 
shape, and the flow conditions in which they occur (fig 2.1). This classification scheme is 
different, but uses the desirable attributes as noted by Bridge (1987) and the Society for 
Sedimentary Geology (SEPM) Symposium of 1990 (Ashley, 1990). · 

In this study only the channelized river setting with unidirectional flow will be 
considered. The other settings, which include coastal embayments and continental 
shelves, are excluded. Because this study focuses on subaqueous dunes, which are, as 
will be shown later, a kind of transverse bedform, bars were also ignored in all analyses 
of this thesis. However, a short description on genesis, shape and relevance for the Rhine 
setting in the Netherlands is provided before focussing on transverse bedforms. 

Key 
"'""" Groyne-bar trough 
""' largedune 
-. smal/dune 
•, erosion pit 

Groyne-bar 

p 

Large dune Small dunes 

Figure 2.2. Schematic representation ofbedform types present in the Dutch Rhine. Flow convergence and 
divergence between opposite groynes creates a sand wave or bar-like feature called a groyne-bar. Other 
bedfmms, like dunes, are superimposed on these groyne-bars. 
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2.1.1 Bars 

Bars are created in places of flow divergence behind obstacles, in inner bends or in 
suddenly widening channels. At these locations the flow direction changes and the 
velocity decreases resulting in the deposition of sediment (Smith, 1974; Church & Jones, 
1982; Bridge, 1993). Since these changes in flow directions are directly related to the 
dimensions of the channel, the size and shape of the bars scale with these channel 
dimensions. 
In the Rhine branches in the Netherlands only the asymmetrical bed profile, associated 
with point-bar development, occurs. Large emerging bars in the main channel do not 
exist. However, a bedform resembling a bar that does occur is the so-called a groyne-bar 
(fig. 2.2). This type of bar is specific to the Dutch Rhine. It develops because the flow 
narrows between two opposite groynes, which increases the flow velocity and creates a 
depression (trough) by eroding the bed. This depression curves between the groynes, and 
extends downstream in the centre of the channel. Between two opposite inter-groyne 
areas, the river expands and the bed is elevated by sedimentation. In a profile (fig. 2.2), 
these groyne-bars show up as symmetrical undulations with wavelengths in the same 
order as the groyne spacing and heights up to a meter. Superimposed on these bars, dunes 
may exist or develop. Because these groyne-bars are not related to changing flow 
conditions but more to the plan-from of the main channel, they have also been excluded 
in this study. 

2.1.2 Transverse bedforms 

Unlike bars, transverse bedforms always have a front which is more or less perpendicular 
to the flow direction, and their shape and dimensions are related to vertical gradients in 
the flow rather than horizontal changes. Transverse bedforms always form patterns of 
similar size and shape, whereas bars are more or less solitary forms. In classifying and 
describing these transverse bedforms, two questions need to be considered. 

1. What kind of stable bedforms can exist under specific flow conditions? 
In order to answer this, flow conditions have to be related to sediment mobility 
and sediment availability. 

2. What are the dimensions of a specific bedfonn, and how are these dimensions 
related to the flow and sediment conditions? 

The main part of this chapter will answer these questions in order to create a general 
classification for these transverse forms in channelized unidirectional flows. After that 
some attention will be paid to the ongoing discussions in literature on low-angle dunes 
and superposition. 
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2.2 Classification according to flow. 

2.2.1 Sediment mobility 

Transverse bedforms are formed by bed load transport, and the nature of bed load 
transport is detennined by the relation between flow strength and the size and 
composition of the bed material. To review this relation in its simplest form, it is assumed 
here that the bed material consist of grains of one specific size only, this in contrast to 
natural conditions where different grain sizes are usually mixed together. 

2.2.1.1 Stable bedforms in sub-critical flow 

Grains of a specific size have a specific threshold that defines the flow strength necessary 
to lift them from the bed surface. Below this initiation threshold grains cannot move and 
the bed remains flat (fig. 2.3A and 2.3C) (for example, the threshold curve designed by 
Shields (1936) or one of the later derivatives). Above this, all the grains are transported 
(fig. 2.3C) and bedforms can develop. Sediment transport usually is a combination of bed 
load and suspension transport. Very coarse grains are transported as bed load because the 
flow strength usually is too low to sustain suspension (fig 2.3C), while very fine material 
is transported only in suspension with no bed load transport at all (fig. 2.3C). This means 
that there are two further thresholds specifYing, the beginning of suspension transport 
(initial-suspension; for example, the threshold curve designed by Engelund (1965)) where 
bed load and suspension coexist, and full suspension where suspension is the only mode 
of transport (for example, the threshold curve designed by Bagnold (1966)). This last 
threshold applies to all grain sizes but the flow strength necessary to transgress it 
increases strongly with coarser grains. In principle, this full-suspension threshold 
probably defines the upper reach of flow strengths in which bedforms can occur (fig . 
2.3A). 

In the range where bed load transport can occur (exclusively or in combination with 
suspension) two types ofbedforms exist: ripples and dunes. In both cases, these bedforms 
consist of series of similar triangular forms, with steep lee sides, that migrate 
downstream. Ripples, however, are smaller than dunes and are considered to be a distinct 
bedform type (see Section 2.3). The threshold between ripples and dunes coincides with 
flow conditions in which the thickness of the viscous sub-layer has the same dimensions 
as the grains themselves (fig. 2.3D; Allen, 1985). 

This viscous sub-layer is a thin layer of laminar flow at the bed below the fully turbulent 
flow. The thickness of the viscous sub-layer is defined as: 

Ov=11.6u (2.1) 
u. 

where !5;, is the thickness of the viscous sub-layer [m]), vis kinematic viscosity [m2s-1
], 

and u. is bed shear velocity [ms-1
]. It has a strong relation with the dimensionless 

Reynolds number (Re.) and thus with grain size (Shields, 1936; Middleton & Southard, 
1986): 
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Re. = u.D = 11.6_Q_ (2.2) 
V ()V 

where Re* is the dimensionless Reynolds-number for grains [-] and D is the grain size 
[m]. This relation implies that, whenD < 6;, (hydraulically smooth bed), the turbulence of 
the turbulent flow layer cannot influence the grains at the bed (fig. 2.3D). When D > 6;, 
(hydraulically rough bed), the grains protrude trough the viscous sub-layer and the 
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Figure 2.3. Conceptual explanatory stability diagram for bedforms and sediment transport, relating grain 
size and flow strength under the assumption that the riverbed consists of grains of one specific size only. 
Grain size is represented by a dimensionless particle parameter and flow strength by a dimensionless 
mobility parameter. After Chabert & Chauvin (1963); Guy et al. (1966); Southard & Boguchwal (1990); 
Van den Berg & Van Gelder (1993, 1998). 
A) bedform stability in lower flow regime (Fr<l). 
B) bedform stability in upper flow regime (Fr>l). Diagonal black lines indicate FP0.8 and Ft=l.O at an 
arbitrary water depth. Grey lines indicate FP0.8 and Ft=l.O at a larger water depth (h =>)and at a smaller 
water depth (H = <). 
C) type of sediment transport. 
D) relation between ripples or dunes and the thickness of the viscous sub-layer (ov), after Allen (1985). 
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turbulence can amplify the erosion of the bed particles (fig. 2.3D). The condition where 
D = ~., was empirically shown to approximate the transition between ripples and dunes 
(Allen, 1985), allowing ripples to be stable in conditions with a hydraulically smooth bed 
and dunes with a hydraulically rough bed. 

2.2.1.2 Stable bedforms in super-critical flow 

In describing the various sediment transport and bedform stability-fields above, it was 
assumed that the water depth was sufficiently high to maintain sub-critical flow. If the 
flow strength increases but the water depth remains small, the Froude number will 
increase: 

u 
Fr=--

{ih 
(2.3) 

where Fr is the Froude number [-], U is the average flow velocity [ms-1
], g is the 

acceleration of gravity [ms-2
], and his the water depth [m]. As long as Fr << 1, the flow 

stays sub-critical and ripples and dunes are the only bedforms that can exist. However, if 
Fr::::; 0.8 or higher existing bedforms of sand particles will be washed out in a transition 
phase up to Fr = 1.0 (fig. 2.3B), and when Fr > 1.0, the flow becomes super-critical and 
the bed will be flat (upper flat bed), or moulded into in-phase waves or anti-dunes (fig. 
2.3B), depending on flow velocity (Cheel, 1990). 

Because water depth is not included in either the dimensionless mobility parameter or the 
dimensionless particle parameter in the stability diagrams of figs. 2.3A to C, the position 
of the lines indicating Fr::::; 0.8 and Fr = 1.0 is not fixed. At larger water depths, these 
boundaries move up, and at smaller water depths downwards, decreasing the range where 
ripples and dunes can exist as stable bedforms. This unstable position of the threshold to 
super-critical flow, created much confusion in earlier stability diagrams (e.g. Guy et al., 
1966; Southard & Boguchwal, 1990), that showed large areas of overlap between ripples 
and dunes, and the bedforms in super-critical flows. Van den Berg and Van Gelder (1993, 
1998) showed that much of this overlap was caused by data from flumes and rivers with 
water depths less than a meter, which moves the Froude threshold significantly 
downwards. 
In large and deep rivers, flow conditions never reach the threshold of Fr > 0.8. Therefore, 
this study pays no further attention to bedforms in super-critical flows. For a more in
depth discussion, see Simons & Richardson (1963), Termes (1986), and Cheel (1990). 

2.2.2 Sediment mobility in case of a distribution of grain sizes 

When defining the stability fields of bedforms and sediment transport above, it was 
assumed that the bed material consists of grains of one particular size only. However, in 
natural conditions, bed material will always be a mixture of many different grainsizes. If 
this particle distribution is narrow (consisting of closely related grain sizes), it can be 
well represented with a single grain size, for example median grain size (Dso [m]), and 
the above-described boundaries can be approximated with empirically determined 
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relations. The Shields curve (Shields, (1936)) can be used as an approximation of the 
initiation-threshold, the threshold between bed load transport and the beginning of 
suspension transport (initial-suspension) can be approximated by the suspension criterion 
ofEngelund, (1965), and fmally, the threshold to full-suspension can be approximated by 
the criterion ofBagnold, (1966). 

If the distribution of grain sizes is much wider or even bimodal, incorporating portions of 
silt, sand and gravel, it cannot be represented with a single grain size, and the boundaries 
become diffuse. In this case, the initiation of grain movement becomes a stochastic 
problem (Bridge and Bennett, (1992); Van Rijn, (1993); Kleinhans and Van Rijn, 
(2002)). Finer fractions may start to move sooner than coarser fi:actions and not all grains 
of a specific fraction will begin to move at the same time. There can be a large difference 
between the flow strength necessary to move a few fine grains, and the strength that is 
required to move all the grains (Graff and Pazis, (1977), Anon., (1982)). The same 
applies to the threshold of suspension. As some of the fractions may go into suspension 
already at small flow strengths, coarser fractions may never reach the suspension stage at 
all. Consequently, these diffuse thresholds, complicate the creation of a generally 
applicable stability-diagram for bedforms and sediment transport (Chabert and Chauvin, 
(1963); Guy et al., (1966); Southard and Boguchwal, (1990); Van den Berg and Van· 
Gelder, (1993), 1998). It is impossible to represent the grain size distribution in such a 
way that processes such as armouring, hiding-exposure and selective transport are fully 
integrated (Kleinhans, (2001)). 

Figure 2.4. Conceptual explanatory model for the occun·ence of bedforms in sediment supply-limited 
conditions, after Kleinhans et al. (2002). 
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2.2.3 Sediment availability 

In many rivers with bed material of sand-gravel mixtures, the bed becomes armoured at 
low to moderate flows as the finer fractions are washed from the surface of the bed, 
leaving a layer of coarse grains prohibiting the erosion of fmer sand fractions from deeper 
in the bed. Although, in these cases, the flow strength is high enough to enable sand 
transport and create bedforms, there is not enough erodable sand available and therefore 
no bedforms will occur. Similar situation can also occur in case the bed is made of non
erodable clays or rock. 

In natural conditions, there will usually be some material available, either from upstream 
or from the riverbanks. This creates a very specific range of bedforms (fig. 2.4), 
depending on how much material is available compared to how much can be transported 
(Kleinhans et al., 2002). If very little sediment is available, sand-ribbons evolve. These 
are flow parallel ribbons, only a few grains thick and in the order of 0.1 m wide. As the 
availability increases, these ribbons increase in width and eventually transform into 
individual barchans. Flow transverse barchans have a crescent shape with horns pointing 
downstream, and their height and length is similar to dunes. If the sediment availability 
increases even further, these barchans grow and merge, eventually becoming dunes or 
ripples, covering the immobile (armoured) bed almost completely. If the amount of 

100~------------------------------------~ 

10 

E' -.c 
Ol 
'(jj 
:I: 
E ... 
.E 
'0 
Q) 

0.1 
Ill 

0.01 

0.001-·f':_,: ___ ,--___ ~----,-------,-----1 

0.01 0.1 1 10 100 1000 

Bed form Length (m) 

Figure 2.5. A plot of height (H) versus length (L) of 1491 flow transverse subaqueous bedfotms from 
different environments including flumes (after Flemming, 1988), showing a clear gap between ripples and 
dunes. ' 
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available sediment is higher than the transport capacity, the normal bedforms will 
develop as described previously. 

Sand-ribbons, barchans, and even the complete range of bedforms described above, were 
found in many rivers (McCulloch & Janda, 1964; Carling et al., 2000a, 2000b; Kleinhans 
et al., 2002), but not in the Rhine branches. In these branches armouring is probably too 
weak or spatially incomplete and the supply of finer material from upstream large enough 
to create normal dunes (Kleinhans, 2002). 

2.3 Description of dune and ripple dimensions 

Ripples and dunes have similar shapes, and the only difference seems to be the 
dimensions. It has long been a serious discussion if ripples and dunes are truly separate 
forms or just the same bedforms in a continuum of sizes. However, a diagram by 
Flemming (1988) plotting the heights and lengths of ripples and dunes from all available 
sources, clearly shows a gap between ripples and dunes in the region of 0.5- 1.0 m long 
(fig. 2.5). This demonstrates that ripples and dunes do not form a continuum, but are 
separate forms in dimensions as well as flow conditions (see also section 2.2.1.1). 

2.3.1 Ripple dimensions and shapes 

Ripples occur in hydraulically smooth conditions where grains are smaller than the 
viscous sub-layer. Therefore ripples are probably related to small-scale turbulence and 
differences in viscosity, and it is therefore not surprising that ripple dimensions are 
strongly related to grain size (Yalin, 1985): 
H, =50 to 200 D50 

Lr = 500 to 1000 D 50 

(2.4) 

Ripples are much less related to water depth and flow strength (Van Rijn, 1993). 
Especially in faster flows, ripples become more irregular in shape, height and spacing, 
yielding three-dimensional ripples. These shapes are called lunate or linguoid, according 
to the concave or convex front of the ripples. Linguoid ripples are thereby mostly found 
in shallow water depths, and lunate ripples in large water depths (Baas, 1993). Two
dimensional ripples (straight or fairly straight fronts) are only found in non-equilibrium 
conditions where there is insufficient time to develop the three-dimensionality. 

2.3.2 Dune dimensions 

2.3.2.1 Steady flow conditions 

In steady flow conditions, and a hydraulically rough b1~d, dunes with a specific dimension 
will develop. To predict these equilibrium dimensions many equations have been 
proposed (Shinohara & Tsubaki, 1959; Allen, 1968; Gill, 1971; Yalin, 1972; Ranga Ruju 
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& Soni, 1976; Freds0e, 1980, 1982; Van Rijn, 1984; Julien & Klaassen, 1995). These 
equations relate dune height and dune length to one or a combination of parameters, such 
as flow strength (8 or -r), water depth, grain size, and Froude number. Grain size is, 
however, much less important than for ripples (Van Rijn, 1993). Flow strength and water 
depth seem to be more important. Flow strength determines how much material can be 
transported as bed load, thereby shaping and maintaining the dunes. Water depth defines 
the vertical space shared by dunes and large turbulent eddies. Finally, the Froude number 
is only important if it exceeds a value of about 0. 8. 
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Figure 2.6. A plot of dune height (a) and dune length (b) versus the average water depth in many flume 
tests (Laursen, 1958; Shinohara & Tsubaki, 1959; Znamenskaya, 1963; Stein, 1965; Guy et al., 1966; 
Crickmore, 1970; Enge1 & Lau, 1980; Livesey et al., 1995), and rivers (Shinohara & Tsubaki, 1959; 
Stiickrath, 1969; Nasner, 1974; Havinga, 1982; Mahrnood et al., 1984; Mahrnood, 1987; Julien, 1992), 
including the data from the Rhine and Waal in The Netherlands. Dashed lines indicate a factor 2 variation. 

The strong relations between water depth and dune height and length are shown in fig. 
2.6. Using data from 8 flume and 8 river sources, the equilibrium dune height seems to be 
1/z to 1

/ 15 of the water depth, and the dune length 3 to 15 times the water depth. However, 
in shallow waters (i.e. less than 1 m) the water depth is more important than in deep 
rivers (i.e. 10 to 20 m). A small water depth limits the height of the dunes since water is 
forced to flow over the crests, where the flow accelerates, eroding this dune crest. 
Although higher dunes could exist due to the flow strength alone, there has to be enough 
vertical space to build these dunes. In deep rivers (for example in the Rhine) the water 
depth is less important. A change of 1 or 2 meters in water depth on a total of 10 to 15 m 
changes the dune height about 10 to 20 cm, in a situation where dunes are already 0.8 to 
1.2 m high. This change in dune height is of the same order of magnitude as the natural 
range of dune heights in this situation. 

2.3.2.2 Unsteady flow conditions 

River discharge and flow velocity change over time. Especially during floods, flows are 
constantly changing (rising and falling stages) causing the dune dimensions never to 
reach equilibrium. Ripples can respond rapidly to new conditions but dunes have longer 
response times and therefore a considerable phase lag may occur, which increases for 
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Figure 2. 7. Examples oftime-lag of dune height and length in changing flow conditions. 
a) time-lag defined as a phase difference between maximum flow and maximum dune height or length. 
b) time-lag defined as a transition-period between the equilibrium dune dimensions during one steady flow 
condition and the equilibrium dune dimensions during the next. 

larger forms (Alien, 1976b; Freds0e, 1979, 1982; Wijbenga & Klaassen, 1981; Tsujimoto 
& Nakagawa, 1983; Iseya, 1984; Van Rijn, 1989; Wijbenga, 1990). This phase lag can be 
defined as the time difference between maximum flow and maximum dune dimension 
(fig. 2.7A), or as the transition-period T between the equilibrium dune dimension at one 
flow stage and the equilibrium dimension at the next flow stage (fig 2.7B). This 
transition-period relates the ratio of change in cross-sectional area of the dune to the 
average bed load transport during the transition-period (Van Rijn, 1989): 

T- a (HzLz- H,LI) 
- (qb,l + qb,2) 

(2.5) 

in which H 1, L 1, is the equilibrium dune height [m], length [m] at stage 1; H2, L2, is the 
equilibrium dune height [m], length [m] at stage 2; and qb,I, qb,2 is the equilibrium bed 
load transport rates [m2s-1

] at stage 1, 2. a is an empirical coefficient[-] which is about 4 
according to Van Rijn (1989). 

Independent of the definition used, Wijbenga (1990) concluded that in general the time 
lag 

• is larger for large bedforms, 

• is larger for bedform length than for bedform height (fig. 2.7A), 

• depends on the discharge variability (shape of the hydrograph), 

• is relatively small during increasing discharge (rising stage), but relatively large 
during decreasing discharge (falling stage), 

• and is primarily related to variations in flow velocity; variations in grain size and 
water depth are less important. 1

' 
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2.3.3 Dune shapes 

While ripples are always three-dimensional under equilibrium conditions, dunes have 
been described with both two-dimensional and three-dimensional shapes (Dalrymple et 
al., 1978; Costello & Southard, 1981; Harms et al., 1982; Middleton & Southard, 1986; 
Boguchwal & Southard, 1990). 2-D forms can adequately be represented by a transect 
parallel to flow, but 3-D forms must be defined in three dimensions because they are 
characterized by scour pits and curved fronts. Two dimensional dunes are found in 
flumes (with small widths) during low flow velocities, while 3-D dunes are reported 
especially at larger flow velocities. Two and three-dimensional dunes have also been 
discovered in many rivers (Nasner, 1974; Dinehart, 2002; Chapter 4 of this thesis). It is 
however unclear whether the described 2-D dunes that are found are indeed equilibrium 
forms. It is possible that these dunes are 2-D, just because there was insufficient time to 
fully adapt to the changing flows. 

2.4 Complicating aspects 

This review on bedform classification shows that, at least in a theoretical sense, 
subaqueous bedforms can be classified according to flow conditions and bedform 
dimensions. In practical situations this is more difficult, especially in cases where the bed 
consists of a wide or bimodal grainsize distribution, and when the sediment supply is 
smaller than the transport capacity. However, concerning the dimensions and shapes of 
different bedforms that have been described, two impmiant aspects, low angle dunes and 
the concept of superposition, have not been mentioned yet. These complicating aspects 
prompted a lot of discussion recently on there occurrence and cause (Ashley, 1990; Best 
& Kostaschuk, 2002). Some attention has to be paid to these discussions at the end of this 
review because of their relevance to the problems ofbedform classification. 

2.4.1 Low angle dunes 

Low angle dunes or wave type bedforms have been classified as a separate type of 
bedform by several investigators (Julien & Klaassen, 1995; Kostaschuk & Villard, 1996; 
Roden, 1998). However, these low angle dunes occur in many different situations, and 
are therefore not considered as a separate type of bedform in the classification presented 
here. In some cases, like in the Mississippi river, low angle dunes are forms that are 
washed out when flow conditions approach the upper flow regime (Fr > 0.8, fig. 2.3B; 
Julien & Klaassen, 1995). In other cases, low angle dunes are found in estuarine 
conditions where the flow reversal of the tides alters the dune shape; during high tide, 
erosion of the lee-side creates low angle forms (Boersma & Terwindt, 1981; Van den 
Berg et al., 1995). Low angle dunes are probably also found in conditions with large 
concentrations of suspended sediment (i.e. the region near the threshold of full 
suspension transport, fig. 2.3A). In this case, it is assumed that the vertical concentration 
gradient of suspended matter hinders flow separation in the lee-trough, resulting in 
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suspended material being deposited on the lee-side and creating a smoother slope (J.H. 
van den Berg, personal communication). 

However, it appears that low angle dunes may also be the result of either calculation 
errors or measurements at low resolution (in space and time). If the angle of the lee-side 
is calculated as an average between dune crest and trough, the result will be a low value, 
since most of the lee-side actually has a low angle near the crest and near the trough (fig. 
2.8A). The steepest part of a lee-side, which is close to the angle of repose, is very short. 
If a dune is about 1 m high and 30 m long, the length of the lee-side is about 6 m. The 
steepest part, at an angle of about 30 degrees is however, not much longer than about 20 
cm. In order to accurately measure the angle of this steepest part requires at least 2 
measurement points spaced not more then 10 cm apart. In data of natural dunes, this 
resolution is almost never obtained, which means that the angle of the steepest parts of 
the lee-side is generally not determined correctly (fig 2.8B). 

Measured slope .. \Real slope 
A\ 

......... 

Figure 2.8. Differences between measuring the lee side slope of a steep dune with high or low resolution. 
Dunes are not drawn to scale. 
a) difference between steepest slope and average slope (between crest and trough). 
b) difference between the real steepest slope and the measured steepest slope in low resolution 
measurements. 

2.4.2 Superposition 

Ripples and dunes are not only found as fields of bedforms of similar size but also 
superimposed on each other in many different situations (Alien & Collinson, 1974; 
Nasner, 1974; Havinga, 1982; Dinehart, 1989; Nordin & Perez-Hemandez, 1989; Gabel, 
1993; Harbor, 1998; Carling et al., 2000a; Chapter 4 of this thesis). A good example of 
superimposing bedforms was described by Coleman (1969), who found four types of 
bedforms superimposed on each other. He found "sand waves" (hundreds of meters long 
and meters high) with superimposed "dunes" (ten of meters long) with superimposed 
"mega ripples" (meters long and decimetres to a meter high) with superimposed "ripples" 
(less then a meter long and less than a decimetre high). 1• 

Superimposed dunes are generally about an order of a magnitude less in height and length 
than the dunes they are superimposed on (Alien, 1976a), and occur only when there is 
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enough space and time to be developed on the larger forms (Ashley, 1990). However, it is 
unclear why superposition occurs. The stability diagrams show that only one bedform can 
be stable in a certain flow condition. One possibility is that the superimposed dunes are 
the forms that should be present under the reigning flow conditions and that the dunes 
they are superimposed upon are relict forms of previous conditions. The conditions 
changed so fast that the development of the largest forms could not keep up and they 
became relicts as new, smaller dunes, developed (Alien & Collinson, 1974). These 
superimposed smaller dunes in these cases cover both the stoss and lee-side of the large 
relict forms. Another possibility is that the largest bedforms alter the flow locally in such 
a way that bedforms with smaller dimensions or even other types of bedforms can 
develop on top of the larger ones. In this case both forms are active and the superimposed 
forms mostly just cover part of the stoss-side of the larger dune. Whatever the cause, the 
resulting superposition effects the way in which dunes develop, as well as how hydraulic 
roughness is predicted, and how bed load transport has to be calculated using the 
migration of the bedforms. 
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Part 1 Development of subaqueous dunes 

In part 1 of this thesis (Chapters 3-5) the main objective is to predict the development of 
dune shape and size in non-steady flows during floods. An important factor in the 
development of dunes is bedload transport, which directly influences the shape and size 
of dunes. In Chapter 3 therefore this bedload transport is described in relation to the 
migration of dunes. Dunes migrate due to material being eroded from their stoss-side, 
which is then deposited on the lee-side. Consequently, the migration rate and size of the 
dunes can be used to calculate bedload transport rates in a river. This so-called Dune 
Tracking technique is reviewed and analysed in Chapter 3 in view of its performance in 
field situations. 

Chapter 4 describes the dune characteristics during several floods and low to moderate 
flow conditions in the Rhine branches as they were measured in the last decades. The 
development of dune size, migration rate and bedload transport rate is reviewed for the 
different river sections and related to the flow conditions in those sections. A qualitative 
analysis investigates which factors are influencing the dune development in the Rhine 
branches and what are the causes of the differences in dune development between the 
studied river sections. 

Finally, in Chapter 5 the prediction of dune development is discussed. Several existing 
methods are reviewed and tested. These tests show that a new prediction method is 
necessary to predict the dune development in the Rhine branches. Using the 
measurements described in Chapter 4 this new method is created. 
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3 Bedload transport rate obtained by dune 
tracking: reliability and optimalization 

Abstract 

It is difficult to get a realistic estimate of the bedload transport rate in a river by using a 
bedload sampler. An attractive alternative therefore is to calculate it from the migration 
of dunes as revealed from successive echo-sounding of the river bed. Many researchers 
successfully tested this dune tracking technique by comparing calculated bedload 
transport rates with direct measurements of bedload. In this paper the factors that 
influence the reliability of the dune tracking technique in field situations are analysed, 
and recommendations are made about the conditions which have to be met for the reliable 
use of dune tracking. These factors involve the spatial en temporal resolution of the 
measurements necessary to accurately determine the dune characteristics and the dune 
migration rate, together with the conect positioning of profiles and the problems 
associated with dune superposition. In addition, the influence of dune shape and complex 
sediment transport fluxes are investigated to see to what extent these factors influence the 
calculations and how they have to be incorporated in the dune tracking equation. 

This chapter has been submitted to the Journal of Hydraulic Engineering. 
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3.1 Introduction 

Generally, sediment transport of bed material is divided into suspended and bedload 
transport. Bedload transport is defined as the transport of sediment particles by rolling, 
sliding or saltating in a bedload transport layer with a thickness of a few particle 
diameters (Van Rijn, 1984), while suspended particles stay in the flowing water and 
hardly ever reach the bed again. In case of a fine sand as bed material, most of the 
particles are transported in the suspended mode. This transport rate can be measured 
relatively easily, by measuring flow velocity and sediment concentration, either from 
samples of the water and sediment mixture or indirectly by using an acoustic device, such 
as the Acoustic Sand Transport Meter (Van den Berg 1984). In the case of coarser 
sediment, bedload is the principal mode of transport, but direct measurement of it is much 
more difficult. The bedload transport rate can be measured using bedload traps, however, 
the efficiency of these traps is difficult to determine. Kleinhans (2002), for example, 
showed that, because of an uncertain sand-trap efficiency-coefficient for the adapted 
Helley-Smith that was used in the Waal near the Dutch-German border during a flood in 
1998, the measured bedload transport rates could deviate up to 200%. In addition to this 
efficiency, the precise positioning of the trap, in case the bed is covered with subaqueous 
dunes, is important because the bedload transport rates differ much over the length of a 
dune (Kleinhans & Ten Brinke, 2001). 

Fortunately, in many rivers, during periods of significant sediment transport, the bed is 
covered by migrating dunes and it was suggested by several researchers that a reliable 
estimate of the bedload transport rate can be obtained from their downstream movement 
(Jinchi, 1992; Ten Brinke et al., 1999; Wilbers & Ten Brinke, 1999; Ten Brinke & 
Wilbers, 1999). This indirect method of determination ofbedload transport rate is called 
dune tracking, and many investigators have successfully used it under various conditions 
(Stiickrath, 1969; Nasner, 1974; Crickmore, 1970; Engel & Lau, 1980, 1981; Van den 
Berg, 1987; Jinchi, 1992; Ten Brinke et al., 1999; Dinehart, 2002), indicating that dune 
tracking could be a reliable alternative for direct measurements. 

The use of dune tracking is, however, still not widespread in river engineering. This may 
be due to the fact that it can be difficult to perform the necessary measurements in a river 
(Ten Brinke et al., 1999). Bed profiles have to be measured, using for example echo
sounding equipment, with sufficient spatial and temporal resolution to determine the dune 
characteristics and dune migration rates. In addition, these measurements have to be done 
in a field situation that allows a simple conversion of dune migration rate into bedload 
transport rate (Engel & Lau, 1981; Van den Berg, 1987; Ten Brinke et al., 1999). It is, 
however, still unclear which factors, and to what extent, determine this conversion. The 
objective of the present analysis is to review the dune tracking technique and the 
assumptions associated with the conversion, to find out in which river situations this 
technique can be considered reliable enough to determine bedload transport rate. This is 
addressed by looking first at how sediment is transported over a dune and describe the 
basic dune tracking technique as provided by previous investigators. After that several 
factors which influence the reliability of the dune tracking technique in river situations 
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are analysed, such as: measurement resolution, complex sediment transport fluxes, dune 
superposition and the choice of a bedload discharge coefficient. The analysis is carried 
out by using new data on dunes and dune tracking from the Rhine in The Netherlands, 
and reanalysing published data of other researchers. 

3.2 Sediment transport over dunes 

When the bed of a stream is covered with subaqueous dunes, the usual division of 
sediment transport into bedload and suspended load is not always correct. Over dunes, 
sediment transport follows complex flow patterns, eroding material in some places and 
depositing it elsewhere, which results in the migration of the dunes. In addition, the near
bed turbulence varies over the dune morphology creating large spatial variations in 

I Flow pattern I 

I 

~ 

Figure 3.1. Flow and sediment transport over a dune. The sediment transport is divided into zones and the 
interactions between different zones are shown with arrows. 
A1 is the suspension transport zone over the stoss-side, and A2 the bedload transport zone. 
B1 is the suspension transport zone over de separation zone, B2 is zone with downstream flow just above 
the separation zone, B3 is the zone of upstream moving water in the separation zone, B4 is the zone where 
material avalanches down the lee-side, and B5 is the zone where, upstream moving water causes an 
upstream moving bedload transport. 
This schematisation is modified from figures of Allen (1965) and Bennet & Best (1995). 
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bedload transport rate and suspended sediment concentration. These complex flow 
patterns can be divided into zones in which the direction and velocity of the sediment 
transport is different. In fig. 3.1 (modified after Allen (1965) and Bennet & Best (1995)) 
the different zones of flow over a dune are shown together with every possible 
interaction, transporting a particle from one zone to another (Allen, 1965, 1968; Jopling, 
1964, 1965; Mercer, 1964; Havinga, 1982; Carling & Glaister, 1987; Bennet & Best, 
1995; Best, 1996). In dune tracking, it is implicitly assumed that dune migration is only a 
function of sediment erosion from the stoss-side, transporting it as bedload towards the 
dune brink and depositing it in avalanches on the dune lee-side. The reality, however, 
may be more complicated (Engel & Lau, 1981; Van den Berg, 1987; Ten Brinke et al., 
1999). 

Starting at the reattachment point, where the separated flow from a previous dune 
reattaches to the bed, strong turbulent bursts originating from the separation zone collide 
with the bed. These bursts erode large amounts of material and transport it as suspended 
or bedload transport in zone A (fig. 3.1). Zone A covers the stoss-side of a dune where 
the flow is comparable with the flow over flat bed, resulting in the usual division of 
sediment transport into bedload and suspended transport. When a particle, eroded and 
transported this way, arrives at the flow separation zone (Zone B), the flow is divided 
into 5 different sub-zones (fig 3.1) and a particle can pass into either of these. To analyse 
if the sediment transport involved in dune migration is equal to the actual bedload 
transport, it is crucial to know which path the majority of particles take through zone B. 
The five most important paths (in order of the relative number of particles) are from sub
zone: 

• A1 to B1: particles in suspension over zone A will most likely stay in suspension 
over zone B. 

• A2 to B4: particles from bedload transport in zone A are mostly deposited just 
below the flow separation point and avalanche down slope in sub-zone B4. 
Erosion at the reattachment point and deposition in sub-zone B4 causes the 
downstream migration of the dune, and therefore these particles are regarded here 
as the bedload transport in zone B. 

• Az to Bz: some particles from sub-zone Az are not deposited in sub-zone B4 but 
are transported in semi-suspension through sub-zone B2 directly to the next 
reattachment point and probably into the next sub-zone A2• The material, that was 
in bedload transport over the stoss-side, therefore does not contribute to the 
migration of the dune. In the present analysis this material is not regarded as being 
bedload or suspended transport but something in between, called semi-suspension 
transport or trough bypassing transport. 

• Az to B1: a few particles are swept from bedload transport into suspension at the 
separation point. 

• A1 or B1 to B4: also a few particles fall from suspension over the flow separation 
zone being deposited on the lee-side (B4). 

These five paths of sediment transport show that the migration of dunes is not simply a 
function of bedload material transported over the stoss-side being deposited on the lee
side. There are other fluxes that either decrease or increase the migration rate and also the 
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calculated bedload transport rate. Therefore, it is important to lmow which fluxes are 
accounted for in the dune tracking technique when the calculated bedload transport rates 
are to be compared with rates from direct measurements. 

3.3 Dune Tracking technique 

The indirect determination of the bedload transport rate from dune migration data is 
nothing new. Exner (1931) already developed a working equation for windblown sand 
dunes. Criclrmore (1970) and Engel & Lau (1980, 1981) formulated an equation to be 
used for subaqueous dunes. They assumed that: 

• dunes can be considered triangular (fig. 3.2), 

• the point were the bedload transport rate is zero is located in the trough of the 
dune, 

• all material eroded from the stoss-side is deposited on the dune lee-side, 

• and the flow, the dunes and the sediment transport can be simplified to a 2 
dimensional situation, as presented in fig. 3 .1. 

Figure 3.2. Dune profile definition sketch. For explanation ofletters see text. 

Under these assumptions, the conservation of volume implies 

8qb + az =0 (3.1) 
ax at 

where qb is the bedload transport rate [m2s-1
] including pore space, xis distance in flow 

direction [m], z is bed level [m] and t is time [s]. Assuming undisturbed propagation of 
the dunes at a celerity c=Llx/Lit 
z(x,t+L1t)=z(x-cM,t) (3.2) 
and thus 

az az 
z(x,t) +-L1t = z(x,t) --fu 

at ax 
resulting in 
az az 
-=-c-
at ax 

Combining equations 3 .1 and 3 .4 leads to 

aqb -caz =0 
ax ax 

(3.3) 

(3.4) 

(3.5) 
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Integration yields 

xf· oqb d xfoz d - x=c- x 
0 ox oox 

Hence 
qb =c(z(x)-z0) 

(3.6) 

(3.7) 

where zo is the height of the bed where qb(x) =0. The average bedload transport rate over 
one dune wavelength (L) results from the integration of equation 3.7 

1 L C L 

qb =- fqb(x)=- J(z(x)-z0 )dx (3.8) 
Lo Lo 

When the shape of a dune is approximated by a triangle and the position of zero bedload 
is the trough (zo = z1), as stated above (Stiickrath 1969, Nasner 1974), then equation 3.8 
becomes 
qb =+He (3.9) 
where His dune height (zc- zJ [m]. Generally, dunes do not have a perfect triangular 
shape and the value Y2 is replaced by a so called bedload discharge coefficient (/J) which 
has a value that deviates from 0.5. 

3.4 Use of dune tracking in field situations 

After describing the sediment transport over dunes and the basic principles of the dune 
tracking technique, the difficulties in using this technique in field situations can be 
analysed in more detail, providing guidelines to avoid or account for them. First, the 
difficulties related to the measurement of dune characteristics and migration rates are 
discussed, then the difficulties related to the conversion of the migration rate into the 
bedload transport rate resulting from the four assumption in the basic dune tracking 
technique, and finally the superposition of dunes. 

3.4.1 Difficulties of field measurements 

According to equation 3.9, two characteristics of the dunes have to be determined to 
enable dune tracking, the dune height (H) and the migration rate (c). As will be shown 
later, dune length (L) and dune volume (V) are also important. The method of measuring, 
and the measurement resolution therefore, has a significant influence on the reliability of 
the dune tracking technique. However, these factors were hardly ever considered by other 
researchers. Generally, in field measurements, the dune characteristics are obtained from 
echo sounding profiles (Dinehart 1992, 2002, Gabell993, Ten Brinke et al. 1999). From 
these profiles, the dune dimensions and migration rates are calculated. 

The accuracy of the obtained dune height (H) and length (L) and dune volume (V), 
depends more on the spatial resolution of the measured points along a profile, rather than 
on the method used to extract the characteristics from the sounded profile. The spatial 
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Figure 3.3. The number of points per dune versus the maximum relative error of the real value of dune 
height, length and volume. 

resolution determines the number of points measured along a dune and therefore, 
determines the accuracy at which the dune shape is represented. After sampling an 
analytical continuous dune shape (of a common dune) with various number of points (at 
regular but slightly varying intervals), and comparing the calculated characteristics with 
the actual values, fig. 3.3 shows the number of points necessary on a dune for the 
accurate determination of dune characteristics. To accurately determine the 
characteristics of, for example, a dune of about 10 m long and 0.3 m high, with an 
relative error smaller then 10%, the dune has to be covered with 7-10 points. This means 
that the spatial resolution of the measured points in the profile has to be about one point 
per 1-1.4 m. However, the dunes on the bed of a river do not all have the same shape as 
the dune used here, and any measurement method results in a spatial variation of the 
resolution, which means that in practice, the spatial resolution determined from fig. 3.3 
only provides a lowest estimate . 

The accuracy of the dune migration rate (c) depends both on the spatial resolution and on 
the time span between consecutive measurements. This is shown in fig. 3.4, where the 
spatial resolution is represented as the number of points used to measure a 10 m long 
dune, and the temporal resolution is represented as the relative migration distance (elL). 
Figure 3.4 also shows that when the temporal resolution is high than the relative error in 
the migration distance is also high. Although the absolute error in the migration distance 
might be low, the relative error will also occur in the migration rate and bedload transport 
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rate. On the other hand, the migration distance of a dune can only be calculated if the 
same dune can be recognized in both measurements. If a dune migrates over a distance of 

Relative dune migration distance (c/L) 

Figure 3.4. Relative enor in calculating the dune migration distance as a function of the real migration 
distance and the spatial resolution. 

more than one dune length, the migration distance becomes ambiguous. This is shown in 
fig. 3.5, were two profiles are compared in which the dunes have migrated more than one 
dune length. The calculated migration distance can for example be l.lL or 2.1L, 3 .lL or 
more, as one dune cannot be distinguished from another. This means that the time 
between two measurements (the temporal resolution) should be small enough so that the 
dunes will not have migrated more than one dune length (Wilbers & Kleinhans, 1999). 
But the time between two measurements should be even smaller, because dunes change 
in shape as they migrate downstream. Extensive analyses by Wilbers & Kleinhans (1999) 
of migrating dunes of numerous shapes and configurations showed that the best temporal 
resolution lies between a dune migrating more than 20% and less than 80% of its dune 

c=? 

Figure 3.5. The ambiguous conelation of dunes when the temporal resolution is to large. 

length. According to fig. 3.4 this however also means that the spatial resolution will have 
to be much higher than was determined from fig. 3.3. 

Both the determination of spatial resolution from fig. 3.3 and the temporal resolution 
from fig. 3.4 require some previous lmowledge on the dune size and migration rate in the 
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river of interest. In a new field situation, therefore, a trial-measurement has to provide 
information that will help to determine the minimal spatial and temporal resolution, 
before the real measurement campaign is carried out. 

Besides the spatial and temporal resolution, the accuracy of the obtained dune 
characteristics and migration rate can also be influenced by the positioning and direction 
of the profile in the river. If the profile is not perpendicular to the crests of the dunes, then 
dune length and volume will be overestimated, and the migration rate underestimated, 
resulting in falsely calculated bedload transport rates. Especially in meander bends, dunes 
are usually rotated in the direction of the inner bend (Dietrich and Smith, 1984) . Profiles 
following the bend are therefore not perpendicular to the dune crests and the calculated 
bedload transport rates will be underestimated. This problem is normally avoided by 
performing the measurements in a almost straight section of the river, where the flow 
patterns are straight and the dune crests perpendicular to the banks. 

3.4.2 Conversion of dune migration to bed load transport rate 

The resolution and positioning of the profiles are not the only factors that can influence 
the reliability of the dune tracking technique. The most obvious factors are the four 
assumptions used in deriving equation 3.9. All four assumptions can be shown to be 
invalid in most conditions. 

> 
1.40 
1.30 
1.25 .B 1.20 ....,..~..~..,.-,....... __ ...,., 

g 1.15 -&~~~~...1-,-, 
- 1.10 ~~..,__~~,..........:....J 
E 105~~~~.:...::.;_j 
.E 100 +1--'=--'-'--' 

0.95 
0.90~~..., 
0. 80 +1---'-'----' 

< 

a > 
0.23 
0.21 
0.19 

((! 0.17+--'-1~-, 

0 0.15+'"--~4..,-, 
ti 0.13f.:....'~...::..;.....::..;..L-,..,.-~~ 

.!!! 0.11 +:-:...::..;.....::..;..~~......_:.,..-..:.~ 
0.09-&~~~_.;....:...::.;..J 

0.07-h~.:...::.;..J 

0.05 
< ~--~-----r----~ 

0 5 10 15 20 0 50 100 
frequency 

150 
frequency 

Figure 3.6. A) Histogram of all measured fonn factors (Table 3.1). B) Histogram of factor a, calculated 
with the relations ofEnge1 & Lau (1981). 

3.4.2.1 Dune shape 

The shape of a dune is not equal to a triangle. Therefore, a form factor (j) was introduced 
by Stiickrath (1969), Crickmore (1970), Van den Berg (1987), Jinchi (1992) and ten 
Brinke et al. (1999). Adding to equation 3.9, the form factorfis defined as: 

q =.l!Uc =.l( 2V)Hc (3.10) 
b 2JLL' 2 HL 

This form factor implies that also the dune length and volume have to be measured and 
calculated accurately, resulting in a higher spatial resolution than for only calculating 
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dune height (fig. 3.3). Form factors (/) where measured by several investigators (Table 
3.1), and a histogram made from all these form factors (fig. 3.6a) shows thatjcannot be 
assumed 1, as was proposed by Nasner (1974), Engel & Lau (1980, 1981) and Havinga 
(1982). In most cases, the form factor has a value between 1.10 and 1.15, indicating a 
cross-section area of the dune which is larger than the cross-section area of a triangle 
between troughs and crest. The small peak in the histogram between 0.8 and 0.9 is caused 
by data from Jinchi (1992). Probably his dune dimensions were not calculated accurately 
enough as an f smaller than 1 is not realistic in unidirectional flows. A dune cross
sectional area smaller than a triangle is probably only possible in wave-ripples. 

3.4.2.2 Point of zero bed load transport rate 

Criclanore (1970) and Engel & Lau (1980, 1981) showed that the position of zero 
bedload transport rate is not the trough but the point of reattachment (zo = z,). Upstream 
of this point the sediment transport is directed to the toe of the lee side (fig. 3.1, sub-zone 
Bs). Thus bedload transport in a downstream direction only takes place over a depth of 
(1-a)H instead of H, where a is the part of the dune height below the point of 
reattachment (zo-z1 in fig. 3.2). Adding this factor to equation 3.10, it becomes: 

q6 =tf(1-a)Hc (3.11) 

The factor a was calculated with a relation provided by Engel & Lau (1981). The 
calculations were done for all the available data with a steepness (H/L) between 0.01 -
0.08 and a DsoiH between 0 - 0.09. Of the 428 available data-points, only 29 were 
outside these ranges. A histogram (fig. 3.6b) shows that, in most cases, a has value 
between 0.11 and 0.13. 

3.4.2.3 Closed volume balance between stoss-side erosion and lee
side accretion 

As was shown above, there are several fluxes that prevent a closed volume balance 
between the erosion on the stoss-side and the deposition on the lee-side. Some material, 
which is bedload over the stoss side, is transported in semi-suspension over the flow 
separation zone (sub-zone B2, fig. 3.1) without being deposited on the lee side or in the 
trough. This trough-bypassing transport has been observed by several investigators (i.e. 
Alien, 1965, 1968; Jopling, 1964, 1965; Carling & Glaister, 1987) but has unfortunately 
never been quantified. It could be argued that part of the bedload volume, transported 
over the crest, contains a volume of bypassing material of a previous dune, and that most 
this material will be deposited on the lee-side instead of the dune's own material 
bypassing the lee side now. At first sight, because of this balance in volume between 
material imported form a previous dune, and material exported from this dune, this factor 
for bypassing could be considered negligible. However, the velocity of the trough 
bypassing material averaged over a dune length is higher than the velocity of the particles 
in the bedload mode (which are buried for long periods in the dunes themselves), making 
it an important factor in calculating the transport rate. The bypassing flux is added as a 

61 



factor b to equation 3.11: 
qb =tfb(l-a)Hc (3.12) 

In case of the volume balance hypothesis the value of b would be 1, otherwise the value 
would be larger than 1 because the bedload transport rate calculated with dune tracking 
would othetwise underestimate the rate measured with a direct measurement instrument, 
as this instrument will capture also the volume of bypassing material transported as 
bedload over most of the dune length. 3.1 indicates that no measured values of b are 
currently available, but it's importance and average value will be analysed in the next 
section. 

Other fluxes counteracting the assumption of a volume balance between erosion on the 
stoss-side and deposition on the lee-side are the interactions between bedload and 
suspended transport (between sub-zones A1, A2, B 1 and B4). Material is transferred from 
bedload into suspension and visa versa. All these individual interactions are difficult to 
quantify and these fluxes are therefore incorporated into a single factor Fi. 

qb = F; + jb(l- a)Hc (3.13) 

If measurements are done in non-erosive and non-aggrading conditions, it is assumed 
here that the volumes deposited and eroded by the fluxes are in dynamic equilibrium, and 
that the value of Fi can be assumed 1. 

3.4.2.4 Two dimensional flow 

Finally, the fact that flow, sediment transport, and dune geometry are 3D instead of 2D 
features, has to be taken into account. Locally, sediment transport direction over dunes 
will deviate from the mean flow direction. Kisling-Moller (1993), for example, found that 
there were small secondary dunes in the troughs of the large dunes migrating 
perpendicular to the primary dune and mean flow. If there is only one profile or the 
sounded profiles are far apart, this perpendicular bedload transport can create a third 
volume imbalance by inputting extra material in a trough or extracting material from a 
trough in a profile. However, if measurements are done in straight sections of a river, it is 
assumed here that the input and output perpendicular to the main migration path will 
probably be in dynamic equilibrium. The factor Fp describing this flux, can therefore be 
assumed to have a value of 1 in carefully selected field sites. 

q6 =FPF;tfb(l-a)Hc=fJHc (3.14) 

3.4.2.5 The bed load discharge coefficient 

In most situations, it is very difficult to adequately determine the five factors added to 
equation 3.9 in the sections above. Therefore, a bedload discharge coefficient j3 was 
introduced (Engel & Lau, 1981; Van den Berg, 1987; Ten Brinke et al., 1999) which 
combines all these factors (equation 3.14). This coeffitient is estimated by comparing the 
bedload transport rate calculated using equation 3.9 (without any factor included) with 
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the bedload transport rate measured with some kind of direct measurement technique. 
Hence: 

fJ 
__ q b measured 

He 
(3.15) 

To analyse the range of possible fJ values and the importance of the different factors 
combined in fJ, data from various studies were used (Table 3.1 ). The form factor (j) was 
measured in some cases or could be assumed to be between 1.10 and 1.15 in others, 
factor a could be calculated, and factors Fi and Fp were assumed to be 1. The only 
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Figure 3. 7. Histograms and scatterplots of the logarithmic relative differences between f3c and /3;: The 
relative values and jJvalues are also shown. 
a) using equation 3.16. 
b) using equation 3.17. 
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uncertain factor was factor b. In a first approximation b was therefore assumed to be 1, as 
proposed by Engel & Lau (1980, 1981), and the bedload discharge coefficient (/3) was 
calculated with: 
fJ1 = FPF; +_fb(1- a)= 1 *1 *t* /*1 * (1- a)= t /(1-a) (3.16) 

in which fltis the fJ calculated using all the factors. This fltwas then compared with the f3c 
calculated with equation 3.15 (the fJvalues in Table 3.1). The relative deviations between 
flt and f3c (converted to a logarithmic scale) were used to create a histogram (fig. 3.7a) to 
analyse how much most of the calculated bedload transport rates deviated from the 
measured bedload transport rates. Figure 3.7a shows that the bedload discharge 
coefficient varies considerably over different measurements, but it also shows that the 
distribution of fltis shifted compared to f3c, indicating that the values of J3r are higher than 
the values of flc· The interval with the highest frequency (mode) shows that flt deviates 
from f3c by 12- 41 %. In terms of equation 3.15 this means that the calculated bedload 
transport rate (He) is relatively underestimated compared to the measured bedload 
transport rate (qb measured). Somehow, more material is measured moving downstream 
than is transported within the dunes. The only likely explanation is that in directly 
measuring bedload transport rate, the faster moving semi-suspension transport material is 
also captured. 

Factor b therefore has to be larger than 1. On average the value of b should eliminate the 
shift between flt and f3c in fig. 3.7a. That shift was between 12 and 41 % which can be 
recalculated into a average value of 1.12 to 1.41 for factor b. To calculate the individual 
factor b values for every single measurement is however impossible without 
measurements of the semi-suspension transport rates over the flow separation zones. If 
the most frequent values ofboth factor a (0.11- 0.13, fig. 3.6b) and factor bare used in 
equations 3 .14 or 3 .16 it appears that on average these factors are each others opposite. 
Although the processes behind the factors a and b are not related physically, the empirical 
fact that these factors are each others opposite probably makes it possible to eliminate 
both factors from the calculation of fJ. Hence: 

fJ = fJ f = t f (3 .17) 

To test this elimination of both factors a and bin equation 3.17, a second histogram was 
made, similar to fig. 3.7a, by using equation 3.17 for calculating J3r (fig. 3.7b). This 
histogram shows the same distribution of bedload discharge coefficients as fig. 3. 7 a, but 
the shift between flt and f3c now lies between -11 and 12 %, meaning that on average the 
fltis equal to f3c, and the elimination of factors a and b is at least empirically a possibility. 

This seems to contradict the results found by Engel & Lau (1980, 1981). They had good 
results in comparing the bedload transport rates measured in the flume with the transport 
rates calculated with dune tracking after they introduced the factor a (without using factor 
b). They found an average underestimation ofbedload transport rate of about 3 %(when 
run 6 is excluded). However, because they did not use the factor b, they should have 
found an average underestimation of 12 - 41 %, according to the analysis above. The 
discrepancy between the results of Engel & Lau and this study can probably be explained 
by the fact that their study was done in a flume with no suspended transport and only 
small bedload transport rates (except in run 6). In most runs, the semi-suspended 
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transport was probably non-existent so calculating jJwith equation 3.16 would result in a 
good approximation of the bedload transport rate. However, in one case, run 6, the 
bedload transport rate was underestimated by 29.5%. In this run, the measured bedload 
transport was about twice as high as in all other runs. Semi-suspended transport was 
probably present in this run so they should have calculated jJ with equation 3.17. 

Therefore, in field situations where the values of factors a and b are unknown (but both 
bedload and suspended transport are present), and the bedload discharge coefficient can 
not be calculated by comparing with measured bedload transport rates, the jJ can be 
calculated using equation 3.17. In cases where even the form factor cannot be calculated, 
the jJ can be assumed to have a value between 0.50 and 0.63 (fig 3.7b) with a best 
estimate of0.57, see equation 3.9. 

3.4.3 Superposition of dunes 

One final issue that can make the use of dune tracking in field situations difficult is the 
superposition of dunes. In many rivers, smaller secondary dunes are superimposed on 
larger primary dunes (Pretious and Blench, 1951; Coleman, 1969; Allen and Collinson, 
1974; Dinehart, 1989; ten Brinke et al., 1999). This superposition complicates the 
calculation of the dune characteristics and dune migration rate, but more importantly, 
superposition can cause a problem in the translation of dune migration rate to the bedload 
transport rate. 

In a situation with superposition, it is very important to determine whether to use the 
primary or the secondary dunes for calculating the bedload transport rate. In cases where 
superimposed secondary dunes are only present on the stoss-sides of the primary forms, 
most of the material transported by these secondary forms is deposited on the lee-sides of 
the primary forms. In such a case, the bedload transport rate calculated with the 
secondary forms is the same as the transport rate calculated with the primary forms. 
However, if the superimposed secondary dunes are present on both the stoss and the lee
sides of the primary forms (so covering the complete primary dune), not all the material 
transported by the secondary forms will be deposited on the lee-sides of the primary 
forms. In the latter case, the bedload transport rates calculated with the separate dune 
types are not the same. 

This can clearly be shown with data from the Rhine (Wilbers, 1999). During a large flood 
in November 1998 detailed dune tracking measurements were done near a bifurcation 
called Pannerdensche Kop in the Rhine in The Netherlands. In a section of 1 km in 
length, the bed was measured twice a day with multibeam echo sounders for 17 days, 
resulting in a spatial resolution of about 15-20 points/m2 (Wilbers, 1999). The dune 
characteristics and migration rate were calculated with a computer program; DT2D (Ten 
Brinke et al., 1999), which determines the troughs of individual dunes in profiles 
extracted from the multibeam measurements. The dune length is the distance between 2 
troughs and the dune height is the difference in elevation between the base-line 

/. 

(connecting the troughs) and the dune crest. In case of superposition, DT2D can be used 
to either locate the troughs of the primary dunes or the troughs of secondary dunes, by 
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providing a longer or shorter minimum distance required between two consecutive 
troughs. 

The characteristics from DT2D (H in fig. 3.8a, /L in 3.8b and c in 3.8c) show that the 
dunes were relatively small at the start of the flood. However, they were already 
migrating fast. As the discharge rose, the dunes became higher and longer up to a few 
days after the maximum discharge. The migration rate just increased a little as the dunes 
became larger but slowed already down before peak discharge was reached. After 7 
November 1998, during the falling stage, the dune height decreased again but the length 
kept on increasing. From 12 November on , these long and low dunes became 
superimposed with smaller secondaty dunes. The migration rate of these secondary dunes 
could not be determined from the measurements, but it was assumed that the migration 
rate of the secondary dunes had the same order of magnitude (between 50 and 60 m/day) 
as the migration rate of the dunes at the start of the flood which had comparable 
dimensions. The calculated bedload transport rate of these secondary dunes, after 
assuming a migration rate of 55 m/day, appeared to be about 1.5 times higher than was 
calculated with the larger dunes (fig. 3.8d), showing that using only the primary dunes for 
calculating bedload transport rate would have led to a underestimation during the fmal 
days of the flood. 
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Figure 3.8. Changes in dune dimensions, migration rate and calculated bedload transport in the Rhine 
during the flood of 1998. 
a) dune height. 
b) dune length. 
c) migration rate. 
d) bedload transport rate. 
For explanation about assumed migration rates see text. 
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Another example of what happens when the wrong dunes are chosen for calculating 
bedload transport rates is the analysis ofHavinga (1982) ofbedload transport in the IJssel 
in The Netherlands. In reviewing the measured profiles plotted by Havinga, it can be seen 
that there probably were small secondary dunes superimposed on both the stoss and lee 
sides of the primary forms. However, instead of using these smaller dunes, Havinga 
removed the secondary forms from the profiles using a filtering procedure, before 
calculating the bedload transport rate. Therefore, the bedload transport rate was probably 
underestimated, which would explain the large bedload discharge coefficients he found 
(Table 3.1) in comparing his calculations with the measured transport rates. 

3.5 Conclusion 

As direct measurements of bedload transport rates in rivers can be difficult and 
expensive, because of uncertain trap-efficiency coefficients (Kleinhans, 2002), precise 
determination of measurement location on a dune, and the amount of measurements 
necessary for accurate rates (Kleinhans and Ten Brinke, 2001), dune tracking can be a 
useful tool in many field situations (Stiickrath, 1969; Nasner, 1974; Crickmore, 1970; 
Engel & Lau, 1980, 1981; Van den Berg, 1987; Jinchi, 1992; Ten Brinke et al., 1999; 
Dinehart, 2002). The description of sediment transport over dunes and the basic dune 
tracking technique presented here, together with the analyses of various difficulties in 
using this dune tracking technique in field situations, shows that dune tracking can 
produce reliable results even without direct measurements. However, to use dune 
tracking correctly several factors have to be taken into account: 

the location of the sounded profiles should be in an almost straight stretch of river and 
their direction should be parallel to the banks but perpendicular to the dune crests, 

the spatial and temporal resolution of the measurements should be based on the expected 
dune characteristics and dune migration rates. The chosen resolutions should be high 
enough to accurately determine dune height, length, volume and migration rate, for 
example a spatial resolution of more than 15 points per dune and a temporal resolution 
that allows the dunes to migrate 20% to 80% of their dune length between two 
measurments, 

the conditions during the measurements should be such that suspension transport is 
present and that 3D flow patterns can be neglected. Otherwise the factors a and b will not 
cancel each other out, and the factors Fi and FP can not be assumed to have a value of 1, 

finally, in case of superposition of dunes, those dunes (either the primary or the 
secondary) have to be used in dune tracking, that are most active in transporting bedload 
material as they migrate downstream. 

If all these factors are accounted for, the bedload transport rate (including pore space) can 
be calculated from migrating dunes using: 
qb =±JHc (3.18) 

taking Yi f=f3=0.57 as a best estimate in case the form factor (f) cannot be calculated. 
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Notation 

a 
b = 

c 
Dso= 
f = 

F; = 

Fp = 

H 
L 
qb 
t 
V 
X 

z 
zo 
Zt 

z,. 

bedload discharge coefficient 
fJ calculated by comparing with measured bedload transport rates 
/]calculated with all five factors (a, b,f, F;, Fp) 
fraction of the dune height below the point of reattachment 
bypassing transport factor 
migration rate [ms-1

] 

median grain size [m] 
form factor 
factor for interactions between bedload and suspended transport 
factor for 3D flow patterns 
dune height (zc - zJ [m]. 
dune wavelength [m] 
bedload transport rate [m2s-1

] including pore space 
time [s]. 
dune volume in profile [m2

] 

distance in flow direction [m] 
bed level [m] 
height of the bed where qb(x)=O [m] 
height of dune trough [m] 
height of reattachment point [m] 

References 

ALLEN, J.R.L. (1965) Sedimentation to the lee of small underwater sand waves: an experimental study. 
Journal of Geology, 73, 95-116. 

ALLEN, J.R.L. (1968) The accumulation of sediment in the lee of ripples and dunes, and the thickness of 
bottomset deposits. Geological Magazine, 105, 166-176. 

ALLEN, J.R.L. & COLLINSON, J.D. (1974) The superposition and classification of dunes formed by 
unidirectional aqueous flows. Sedimentary Geology, 12, 169-178. 

BENNETT, S.J. & BEST, J.L. (1995) Mean flow and turbulence structure over fixed, two-dimensional 
dunes: implications for sediment transport and bedform stability

1
, Sedimentology, 42,491-513. 

BEST, J.L. (1996) The fluid dynamics of small-scale alluvial bedforms. In: Advances in fluvial dynamics 
and stratigraphy (Ed. by P.A. Carling & M.R. Dawson), pp. 67-125. John Wiley & Sons, Chichester. 

68 



done 
t and 
mds. 
their 
~. A. 

ly. 

s of 

nics 
er. 

CARLING, P.A. & GLAISTER, M.S. (1987) Rapid deposition of sand and gravel mixtures downstream of 
a negative step: the role ofmatrix-infilling and particle-overpassing in the process of bar-front 
accretion. Journal of the geological society of London, 144, 543-551. 

COLEMAN, J.M. (1969) Brahmaputra river: channel processes and sedimentation. Sedimentary Geology, 
3, 129-239. 

CRICKMORE, M.J. (1970) Effects of flume width on bed form characteristics. Journal of the Hydraulics 
Division, 96, 473-496. 

DIETRICH, W.E. & SMITH, J.D. (1984) Bed load transport in a river meander. Water Resources 
Research, 20, 1355-1380. 

DINEHART, R.L. (1989) Dune migration in a steep, coarse-bedded stream. Water Resources Research, 25, 
911-923. 

DINEHART, R.L. (1992) Evolution of Coarse gravel bed forms: Field measurements at flood stage. Water 
Resources Research, 28, 2667-2689. 

DINEHART, R.L. (2002) Bedfmm movement recorded by sequential single-beam surveys in tidal rivers. 
Journal of Hydrology, 258, 25-39. 

EN GEL, P. & LAU, Y.L. (1980) Computation of bed load using bathymetric data. Journal of the 
Hydraulics Division, 106, 369-380. 

ENGEL, P. & LAU, Y.L. (1981) Bed load discharge coefficient. Journal of the Hydraulics Division, 107, 
1445-1454. . 

EXNER, F.M. (1931) Zur dynamik der bewegungsformen auf der erdoberfliiche. Ergebnisse der 
Kosmischen Physik, 1. Band. 

GAB EL, S.L. (1993) Geometry and kinematics of dunes during steady and unsteady flows in the Calamus 
River, Nebraska, USA. Sedimentology, 40, 237-269. 

GUY, H., SIMONS, D.B., & RICHARDSON, E. V. (1966) Summary of alluvial channel data from flrnne 
experiments, 1956-61. US Geological Survey Professional Paper, 462-I. 

HAVINGA, H. (1982) Bed load determination by dune tracking., 82.3, Rijkswaterstaat, Arnhem, The 
Netherlands 

JINCHI, H. (1992) Application of sandwave measurements in calculating bed load discharge. In: Erosion 
and Sediment transport monitoring programmes in river basins 210, 63-70. 

JOPLING, A. V. (1964) Laboratory study of sorting processes related to flow separation. Journal of 
Geophysical Research, 69, 3403-3418. 

JOPLING, A. V. (1965) Hydraulic factors controlling the shape oflaminae in laboratory deltas. Journal of 
SedimentatyPetrology, 35,777-791. 

KISLING-M0LLER, J. (1993) Bedform migration and related sediment transport in a meander bend. 
Special Publications of the International Association of Sedimentology, 17, 51-61. 

KLEINHANS, M. G. (2002) Smiing out sand and gravel: Sediment transport and deposition in sand-gravel 
bed rivers. Netherlands Geographical Studies 293. 

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, 258-269. 

LAI, N.T. (1998) Bedfmms in the Waal river. Characterization and hydraulic roughness., 024, International 
institute for infrastructural, hydraulic and environmental engineering (IHE), Delft, The Netherlands 

MERCER, A. G. (1964) Characteristics of sand ripples in low froude number flow. University ofMinnisota, 
Minneapolis, 

NASNER, H. (1974) Uber das verhalten von transportkorpern im tidegebiet. Mitteilungen des 
Franzius _Instituts fiir Grund- und Wasserbau der Technischen Universitiit Hannover, 40, 1-149. 

PRETIOUS, E.S. & BLENCH, T. (1951) Final report on special observations of bed movement in the 
lower Fraser river at Ladner Reach during 1950., Freshet. Natl. Res. Counc. Can., Vancouver 

ROBERT, A. (1988) Statistical properties of sediment bed profiles in alluvial channels. International 
Association for Mathematical Geology, 205-225. 

SHINOHARA, K. & TSUBAKI, T. (1959) On the characteristics of sand waves fmmed upon the beds of 
open channels and rivers. Reports of Research Institute for Applied Mechanics, 7, 15-45. 

STEIN, R.A. (1965) Laboratory studies of total load and apparent bed .load. Journal of Geophysical 
Research, 70, 1831-1842. 

STOCKRATH, T. (1969) Die bewegung van groJ3riffeln an der sohle des rio Parana. Mitteilungen des 
Franzius _Instituts fiir Grund- und Wasserbau der Technischen Universitiit Hannover, 32, 267-293. 

69 



TEN BRINKE, W.B.M. & WILBERS, A.W.E. (1999) Spatial and temporal variability of dune properties 
and bedload transport during a flood at a sand bed reach of the Dutch Rhine river system. In: IAHR 
Symposium on river, coastal and estuarine morphodynamics 2, 309-318. 

TEN BRINKE, W.B.M., WILBERS, A.W.E., & WESSELING, C. (1999) Dune growth, decay and 
migration rates during a large-magnitude flood at a sand and mixed sand-gravel bed in the Dutch Rhine 
river system. In: Fluvial Sedimentology VI, Special Publication of the International Association of 
Sedimentologists (Ed. by N.D. Smith & J. Rogers), 28, 15-32. 

VAN DEN BERG, J.H. (1984) The determination of suspended sand concentration. In: The closure of tidal 
basins (Ed. by J.C. Huis in 't Veld et al.), pp. 203-212. Delft University Press, Delft, The Netherlands. 

VAN DEN BERG, J.H. (1987) Bedfrom migration and bedload transport in some rivers and tidal 
enviroments. Sedimentology, 34, 681-698. 

VAN RIJN, L.C. (1984) Sediment transpmi; Part 2: suspended load tr·ansport. Journal of Hydraulic 
Engineering, 110, 1613-1641. 

WILBERS, A.W.E. (1999) Bodemtransport en duinontwildceling in de Rijntakken: bodempeilingen 
hoogwater november 1998. ICG: Netherlands Centre for Geo-ecological Research, 99/10, Utrecht 
University, Utrecht 

WILBERS, A.W.E. & KLEINHANS, M. G. (1999) Gevoeligheidsanalyse dune tracking in 2 dimensies. 
ICG: Netherlands Centre for Geo-ecological Research, 99/8, Utrecht University, Utr·echt, The 
Netherlands 

WILBERS, A.W.E. & TEN BRINKE, W.B.M. (1999) Development ofsubaqueous dunes in the Rhine and 
Waal, The Netherlands. A preliminmy note. In: IAHR Symposium on river, coastal and estuarine 
morphodynamics 1, 303-312. 

ZNAMENSKA YA, N.S. (1963) Experimental study of dune movement of sediment. Transactions of the 
State Hydrologic Institut, 108, 89-114. 

70 



ties 
l 

:hine 

'tidal 
tds. 

s. 

~and 

he 

4 The response of subaqueous dunes to 
floods in sand and gravel bed reaches of the 
Dutch Rhine. 

Abstract 

The branches of the river Rhine in The Netherlands, characterised by a sand-gravel bed in 
the upstream part and a sand bed in the downstream part of the river system, show 
migrating dunes, especially during floods. In the last 20 years, these dunes have been 
studied extensively. High-resolution echo-sounding measurements of these dunes, made 
with single and multi-beam equipment, were analysed for three different sections of the 
Rhine River system, during several floods. This analysis was done to quantify the growth 
and decay and the migration rates of the dunes during floods. In addition, the migrating 
dunes were used to calculate bedload transport rates with dune tracking. 

The results of dune growth and decay and migration rate are shown to be very different 
for the various sections during the various floods, and these differences are related to 
differences in grain size of the bed and to differences in the distribution of discharge over 
the main channel and the floodplain. The relations are used to show that the growth and 
migration rate of dunes, and the calculated bedload transport rates, during the rising stage 
of a flood wave can be predicted from the mobility of the bed material with simple power 
relations. 

This Chapter is an extended version of Wilbers, A.W.E. & Ten Brinke, W.B.M. (2003). 
The response of subaqueous dunes to floods in sand and gravel bed reaches of the Dutch 
Rhine. Sedimentology , 
The extra information comprises of a detailed account on the relations between dune 
development, migration, and bedload transport rates and the grain-related shear stress. 
In most field situations, where no well-calibrated flow-models are available, the grain
related shear stress is easier to determine than the bed shear stress, which requires 
difficult but accurate measurements of water-surface slopes or overall Chezy values. In 
the case described here, however, the bed shear stress was known more accurately than 
the grain-related shear stress due to the use of a one-di111ensional flow model (SOBEK) 
calibrated for the Rhine branches, and the lack of measurements on grain size changes of 
the bed material during floods. 

71 



4.1 Introduction 

A sand or mixed sand-gravel bed river is generally characterized by the presence of 
subaqueous dunes during floods (Reid & Frostick, 1994). These dunes can be described 
by their heights, lengths, plan form and migration rates. Dunes are defined as bed forms 
present in subcritical flows, that are more than a decimetre high and have a length many 
times the water depth (Ashley, 1990). Knowledge of dune properties at successive time 
steps has proved to be a successful and powerful tool for quantifying bedload sediment 
transport (Engel & Lau, 1980; Havinga, 1982; Van den Berg, 1987; Ten Brinke et al., 
1999a). Also, the presence of dunes significantly increases the hydraulic roughness 
(Leeder, 1983; McLean et al., 1994; Bennett & Best, 1995; Nelson et al., 1995). Thus, 
infonnation on dune dimensions may be very important for studies on hydraulic 
roughness as well. In fact, sediment transport, dune dimensions, and flow structures over 
dunes influence one another in a complicated way (Simons & Sentiirk, 1992; Best, 1993). 

In The Netherlands, dunes in the Rhine River have been studied extensively over the last 
20 years, mainly for analysis of sediment transport (Ten Brinke et al., 1999a, Kleinhans, 
2002a, b) and hydraulic roughness (Van Urk, 1982; Moll et al., 1987; Julien & Klaassen, 
1995; Julien et al., 2002). These studies on dune dimensions have been carried out during 
different discharges, and especially during rising and falling stages of flood waves. In the 
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Figure 4.1. The tributaries of the Rhine River in The Netherlands. The numbers in (B) and (A) indicate the 
different sections and subsections where echosoundings were maC!e; with Section 1 being the Bovenrijn, 
Section 2 being the Pannerdensche Kop, a bifurcation of the Bovenrijn (2C) into the Waal (2A) and the 
Pannerdensch Kanaal (PK) (2B) and Section 3 being halfway down the Waal. Figure (D) shows the 
changes in median grain size (D50) along the Rhine, Bovenrijn and Waal. 
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Dutch Rhine, dunes are common phenomena during floods in all reaches of the river 
system. However, during low to moderate discharges, dunes are only observed in the 
middle and lower sandy reaches of the river system, while the bed in the upper mixed 
sand-gravel reaches is almost completely flat. 

The first goal of this study was to quantify the growth and decay and the migration rates 
of dunes in the Dutch Rhine in both the sand and mixed sand-gravel bed reaches. A 
second goal was to calculate bedload sediment transport rates using the principles of dune 
tracking. Results are discussed in view of dune properties lagging behind changing 
hydrodynamic conditions during the rise and fall of flood waves, and the resulting 
hysteresis of the bedload sediment transport. In addition, the impact of bed grain size and 
the variable distribution of discharge between the main channel and the floodplain on 
dune growth and decay is discussed. Data from three different floods in three different 
sections of the Dutch Rhine are used for this analysis, together with data from the low to 
moderate discharges that act as a reference for conditions not measured during floods. 

4.1.1 Study area 

The River Rhine originates in the Alps and flows through Switzerland and Germany to 
The Netherlands. In The Netherlands, the Rhine river system consists of three major 
distributaries; the Waal, Nederrijn-Lek and IJssel, originating from the River Rhine at 
two bifurcations, just after the Rhine has passed the Dutch-German border (fig. 4.1 ). The 
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Figure 4.2. Grain size distributions of the different sections and subsections. For Section 3, two 
distributions are provided to show the difference between the northem and southem halves of the river. 
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discharge ratio between these distributaries is approximately 6:2:1. All three 
distributaries have embankments and groynes constructed along their entire length. These 
groynes extent 40-80 m into the main channel and are spaced 150-200 m apart. 

The yearly average discharge of the Rhine near the Dutch-German border is 2300 m3s-1
, 

stemming from both rain and snowmelt. In January to February 1995, the River Rhine 
experienced a maximum discharge of 12,000 m3s-I, among the highest Rhine discharges 
ever recorded. 

The data on dunes have been collected in several sections in the Bovenrijn- Waal reach 
(fig. 4.1B and C, and Table 4.1. See also Appendix A). Along this reach, the river 
changes from a gravel bed river in Germany into a sand bed river in the Waal (fig. 4.1D). 
Besides considerable differences in grain size between the different sections, the grain 
size also differs considerably within some sections (fig. 4.2). In Section 3, for example, 
the top 5 cm of the bed in the northern half of the main channel is composed of coarse 
sand with some fine gravel (D50=1.0 mm) while the southern half is composed of sand 
(D50=0.5 mm) (Ten Brinke et al., 1999a). This segregation between a coarse, northern 
river-half and a fine, southern river-half is present over some 10 km independent of the 
presence of inner and outer bends (Ten Brinke & Wilbers, 1999). In Section 2, the bed 
material of Subsection 2B is much coarser than of Subsections 2A and 2C. 

The average water depth of the Bovenrijn - W aal reach during yearly average discharge 
is about 5 m. The width of the river branches in between the groynes (the wetted cross
section at yearly average discharge) is about 340 m for the Bovenrijn (Sections 1 and 2A) 
and about 260 m for the Waal (Sections 2C and 3). The bed gradient in all sections is in 
the order of l.lx10-4

. 

4.2 Methods and analyses 

4.2.1 Collecting dune data 

Between 1980 and 2000, a large number of dune measurements using echo-sounder 
equipment was carried out in the Dutch Rhine branches, during several campaigns (Table 
4.1). During 1982- 1997, all echosoundings of dunes in the Dutch Rhine were made with 
a digital reading, single-beam echosounder (Atlas Deso 10 until 1985, Atlas Deso 20 
from 1985 until 1989 and Atlas Deso 25 from 1989 onwards). These echosoundings 
consisted of several tracks parallel to the banks, which were regularly distributed over the 
entire wetted cross-section in between the groynes, generally about 50 m apart. 

Since 1997, echo-soundings of dunes are made, when possible, by means of multibeam 
echosounders (Simrad, Seabat 8101 or Seabat 9001). These multibeam echosounders 
consist of several sensors within one system underneath the centre point of the vessel that 
scan the bed topography in a line perpendicular to the boat's track. With a multibeam 
echosounder a certain width of the bed is scanned in one sweep, being a few to several 
times the water depth, depending on the number of sensors. The Simrad echosounder for 
example, consists of 128 sensors. Each sensor transmits a 95kHz signal with a beam 
width of IS. The beam width of all sensors combined is 150°. This way the river bed is 
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scanned over a width of five times the water depth. The Seabat 8101 has 100 sensors, 
being able to scan the bed over a width of six times the water depth. The Seabat 9001 has 
60 sensors, resulting in a scanned width of twice the water depth. Several boat tracks 
parallel to the banks have to be sounded in order to completely cover the whole bed of 
the river with a consistent density of points. An overlap of 10-50% between two parallel 
tracks is preferred. All three multibeam systems include automatic correction for the 
movements of the vessel (pitch, roll, heath, heading) and the influence of salinity and 
temperature on sound velocity. 

During both single-beam and multibeam echosounder surveys a two-dimensional 
horizontal positioning system (before 1993: Artemis, Polarfix and Polartrack 
successively; since 1993: differential global positioning system (DGPS)) is used and the 
measurement ship follows preset survey tracks. Deviations from these preset tracks are 
computed and presented directly to the helmsman of the ship to enable him to correct the 
course immediately. The actual position, together with the related water depth, is stored 
and later processed on a computer. 
Table 4.1. A list of campaigns on measuring dune properties and bedload transport (dune tracking) carried 
out in the Dutch Rhine (Bovemijn - Waal reach) between 1982 and 2002, together with the discharge 
ranges during the campaigns. 
* Lat., average distance between points in a lateral direction, Long., average distance between points in a 
longitudinal direction. (SB), Single-beam echosounder, (MB), Multibeam echosounder. 

Location Period Discharge range Equipment Resolution 
at Lobith (m3s-1

) Lat. & long. * 

Bovenrijn Jan- Feb 1982 3000- 8000 Atlas Deso 10 (SB) Unknown 
(Section 1) Mar- Apr 1988 4200- 10 000 Atlas Deso 20 (SB) Unlmown 

Jan 1994 3600- 5400 Atlas Deso 25 (SB) 50 and 0.6 
Dec 1994- AEr 1995 2500- 11 900 Atlas Deso 25 (SB) 50 and 0.6 

Pannerdensche Kop Feb- Mar 1997 2700-6900 Atlas Deso 25 (SB) 10 and0.6 
(Section 2) 

Oct- Nov 1998 4100- 9500 Atlas Deso 25 (SB) 10 and 0.6 
Seabat 8101 (MB) 0.1 and 0.3 
Seabat 9001 (MB) 0.2 and 0.4 

Waal Jan 1989- Mar 1990 1000-2900 Atlas Deso 25 (SB) 50 and 0.8 
(Section 3) Mar 1992 2800- 3700 Atlas Deso 25 (SB) 50 and 0.8 

Jan 1994 3400-4100 Atlas Deso 25 (SB) 50 and 0.6 
Jan- Feb 1995 4300- 11 000 Atlas Deso 25 (SB) 50 and 0.6 
Feb- Mar 1997 2100- 6900 Atlas Deso 25 (SB) 10 and 0.6 

Simrad(MB) 0.4 and 0.4 
Nov 1998 3200-9400 Seabat 8101 (MB) 0.1 and 0.3 
Mar 1998- Dec 1999 1400- 9100 Seabat 8101 (MB) 0.1 and0.3 

In 1982, 1988, 1995, 1997 and 1998 measurements were done during floods (Table 4.1). 
In most cases these measurements were done once a day, and the data spanned the entire 
flood wave, starting at the beginning of the rising limb of the discharge curve and ending 
at the end of the falling limb. In 1982, 1988 and 1995 these measurements were done in 
Section 1 (fig. 4.1B) and, in 1997 and 1998 they were done in Sections 2 and 3. The 
measurements during the flood of 1998 in Section 2 were made twice a day, which 
improved the calculation ofbedload transport rate. 

Between January 1989 and March 1990 and between March 1998 and December 1999 
measurements were done during low to moderate discharges (Table 4.1 ). These echo-
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soundings were made of 1-2 km long reaches within Section 3 (fig. 4.1B). The echo 
soundings of 1989 and 1990 were done every month on three consecutive days for the 
purpose of calculating the bedload transport. The echo soundings of 1998 and 1999 were 
done once a month for determining dune dimensions. Surveys in Table 4.1 that have not 
mentioned yet, refer to occasional measurements that provided additional information on 
dune dimensions. 

4.2.2 Detailed data sets during floods 

In this study, when possible, all available data (Table 4.1) have been used for the 
calculation of dune characteristics and bedload transport. Special attention, however, has 
been given to the measurements done during the floods of 1995, 1997 and 1998. These 
three floods were different from one another in duration and peak discharge (fig. 4.3) but 
for all three flood events the datasets obtained covered the entire wetted cross-section in 
between the groynes at regular time intervals such that the growth, decay and migration 
of individual dunes could be traced throughout the flood wave in great detail. 
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Figure 4.3. Flow discharges of the floods of 1995, 1997 and 1998 at Lobith, and the days within the flood 
waves for which data on dunes are available. 

During the flood of 1995, echosoundings were made of a 3 km long reach of the 
Bovenrijn near the Dutch-German border, upstream of the first river bifurcation in the 
Dutch Rhine system (Section 1, fig. 4.1B). The sounded single-beam tracks were 50 m 
apart and were mostly measured once a day. 

The data from the flood of 1997 that were measured over a 11cm reach halfway down the 
Waal were used for Section 3 (fig. 4.1B). This reach was sounded once a day along tracks 
parallel to the banks with two different types of 'echosounders. A single-beam 
echosounder was used between 27 February and 11 March and a multibeam echosounder 
was used between 3 and 14 March 

76 



)cho 
·the 
rvere 
:not 
t1 on 

the 
has 

rrese 
1 but 
ill Ill 

ltion 

flood 

·the 
, the 
Om 

t the 
acks 
earn 
nder 

The data from the flood of 1998 were used for Section 2, the bifurcation called 
"Pannerdensche Kop", where the Bovenrijn bifurcates into the Waal and the 
Pannerdensch Kanaal (fig. 4.1B and C). Echosoundings were made of connecting 1km 
subsections in each of the three branches. In the Pannerdensch Kanaal (Subsection 2B) a 
single-beam echosounder (Atlas Deso 25) was used. Twice a day, 10 tracks spaced 10 
meters apart and parallel to the banks were measured. The Bovenrijn (Subsection 2A) and 
Waal (Subsection 2C) were measured twice a day with three different echosounders. 
Mostly, the Seabat 8101 or the Seabat 9001 multibeam systems were used depending on 
which survey vessel was available. For a few days no multibeam system was available 
and a single-beam echosounder (Atlas Deso 25) was used instead. 

4.2.3 Hydrodynamics 

During all measurement campaigns, not only the echosoundings were made but the local 
water depths and discharges from nearby stations were also collected. In 1998, in Section 
2, some measurements were also done of flow velocities using ADCP current profilers 
(Julien et al., 2002). In addition to these hydrodynamic measurements, flow velocity 
discharge and shear stress discharge relations (both bed shear stress and grain-related 
shear stress) were used, based on calculations with a one-dimensional flow model 
(SOBEK) for the Dutch Rhine system (Van der Veen, 2002), which is calibrated to 
reproduce stage levels at various stations along the Rhine branches. These relations were 
created for each of the three sections in fig. 4.1B, and were then used to calculate the 
flow velocities and shear stresses related to the echo-sounding measurements done at 
different discharges. For the calculation of the grain-related shear stress a constant grain 
size was used in the different sections, as no information was available on the changes in 
grain size distribution of the bed during a flood. 

4.2.4 Calculation of dune properties 

Using a computer program called DT2D (Dune Tracking in two Dimensions) the dune 
characteristics were calculated from all the available measurements except for the data 
from the floods of 1982 and 1988. In DT2D a dune is defined as any shape in a (non
filtered) bed profile between two (local) minima in bed elevation (troughs). However, a 
dune needs to be measured, at least, at 10 positions in order to be able to accurately 
calculate the dune characteristics (Wilbers, 1997; Chapter 3). Thus, the density of 
measurement points determines the lower bound of dune length that can be determined 
with DT2D: 3-6 m in the datasets used here (Table 4.1). In DT2D dune length is defmed 
as the length of a line connecting the two troughs (in three dimensions), and dune height 
is the length of the line perpendicular to the line connecting the troughs up to the dune 
crest (fig. 4.4). After calculation, the characteristics of all the separate dunes in every 
profile from a measurement are averaged for an entire study area. Because this averaging 
assumes homogeneity of all dunes in an area, some of the profiles near the heads of the 
groynes (the outer profiles) were not used. A visual inspection of these outer profiles 
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showed that no dunes were present there. The calculated characteristics of the various 
measurement campaigns are listed in Appendix A. 

crest 
"'( Miur"tion 

direction 

angle stoss side 

Figure 4.4. Typical dune shape defming the characteristics as calculated with DT2D. 

The data from the floods of 1982 and 1988 were copied from the reports of Van Urk 
(1982) and Wijbenga (1991) respectively. They both calculated length and height by a 
different method. This means that the absolute values of the length and height do not 
always compare well with the absolute values calculated with DT2D from other surveys. 
However, the trends describing the changing dune characteristics in response to discharge 
should be comparable for the different methods. 

4.2.5 Dune propagation and bedload transport 

The propagation of dunes can be used to quantify bedload sediment transport (Engel & 
Lau, 1980; Ten Brinke et al., 1999a) with: 

q,=~cH (4.1) 

where H =dune height (dune crest- dune trough) (m); c =dune migration rate (ms-1
); fJ= 

bedload discharge coefficient (-). 

The coefficient fJ combines corrections for the dune shape, flow separation, and effects 
such as suspended particles settling in the dune troughs, being suspended at the dune 
front, or jumping from crest to crest and therefore not taking part in the bedload 
calculated from the migration of the dunes. This coefficient has to be determined by 
comparing the calculated bedload transport rate (Eq. 4.1) with the bedload transport rate 
quantified from measurements with bedload samplers. In the 1980s, pending further 
information, bedload was calculated with a fJ coefficient of 0.5. This means that bedload 
was schematised as the displacement of triangular dunes and other effects, such as the 
exchange between suspended and bedload, were neglected. In the literature, other values 
for fJ are presented, determined from flume experiments, field conditions and 
combinations of both. From a comparison of these data, Ten Brinke et al. (1999a) 
concluded that, at present, a bedload discharge coefficient fJ for the Dutch Rhine 
distributaries of 0.55 is most likely. This value was used for all the dune track 
calculations on the measurements available for this study. As with the dune 
characteristics the bedload transport rates were calculated for every profile in a 
measurement and thereafter combined to determine the integrated bedload transport rate 
over the full width of a section. 
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The calculation of the migration rate of dunes is based on the comparison of echo
sounded bed profiles of a set of dunes at times T1 and T2• The time interval between 
successive echosoundings has to be small enough for the same dunes to be recognizable 
from T1 to Tz. For the relatively large dunes in the Dutch Rhine, echosoundings that were 
made on a day-to-day basis generally satisfied this condition (fig. 4.5). The migration rate 
of the dunes follows from the dune migration distance between the echo-sounded profiles 
T1 and T2, calculated by cross-correlation (Ten Brinke et al., 1999a). The match between 
certain profiles at times T 1 and T 2, for which the maximum cross-correlation is 
calculated, is the dune migration distance from T 1 to T 2. The dune migration rate is this 
distance divided by AT (AT= T1- T2). 
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--=.:_.::---
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/~ I' 
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Figure 4.5. The difference between two successive multibeam echosoundings (time step is 24h) in the Waal 
(Section 3), showing erosion on the stoss sides and deposition on the lee-sides. The flow is fi"om right to 
left. 

4.3 Results 

4.3.1 Dune patterns: spatial variation 

The echo-sounding measurements during the floods covered the entire width of the river 
between the groynes. Therefore, the growth and decay, plan form and spatial variation of 
the dunes are illustrated with four bed elevation maps for each of the three Sections 
(Plates. 4.1 - 4.3). The four maps each show the bed at a specific time during a flood 
wave; (A) at the beginning of the flood; (B) at peak discharge; (C) at maximum dune 
height; and (D) just after the flood. These maps were all made by resampling or 
interpolating the measurement points to a lxl m grid. Below every map made of the time 
at which the dune height was maximal, three longitudinal profiles are shown; near the 
north banlc (I); the river axes (II); and near the south banlc (III). 
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In Section 1 (Plate 4.1), at the beginning of the flood of 1995 (26 January 1995, map A), 
the entire bed of the Bovenrijn was covered by small dunes. These dunes probably had 
sinuous fronts. In Plate 4.1A, however, the dune fronts appear straight because the map 
was interpolated from single beam tracks that were 50 m apart. During rising and peak 
discharge (31 January 1995, map B), the bed was covered with large dunes with almost 
straight fronts over the entire width of the river. A few days after the peak discharge (4 
February 1995, map C) the dunes were at their maximum height, and these heights were 
the same for the deep and shallow parts of the river (profiles I-III in map C). During the 
falling discharges (10 February 1995, map D), the dunes increased in length but 
decreased in height. These dunes had a very irregular plan form and (although not visible 
in this map) were completely covered with small secondary dunes. 

In Section 2 (Plate 4.2), at the beginning of the flood of 1998 (30 October 1998, map A), 
the entire bed of the Bovenrijn (Subsection 2A) near the bifurcation was covered by 
dunes. Although hardly visible in map A, these dunes had a sinuous plan form. The bed 
of the Waal (Subsection 2C) and Pannerdensch Kanaal (Subsection 2B) was almost 
completely flat. During rising and peak discharge (4 November 1998, map B), the bed in 
all branches was covered with large dunes with straight or slightly sinuous fronts over the 
entire width of the river. A few days after the peak discharge (6 November 1998, map C) 
the dunes were at their maximum height and these heights were the same for the deep and 
shallow parts of the river (profiles I-III in map C). During the falling discharges (16 
November 1998, map D), the dunes in all three branches increased in length but 
decreased in height. These dunes had a very irregular plan form and, although hardly 
visible in this map, were completely covered with small secondary dunes (fig. 4.6). 

Example of a profile from November 16 1998 
ii:' 4.0,-----------------------, 
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_.., ___ flow direction 
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Figure 4.6. Small part of a bed profile from Subsection 2C (fig. 4.1C) on 16 February 1998 showing large 
dunes (grey) which are superimposed by small dunes on the stoss and lee-sides. 

In Section 3, the entire bed of the Waal was covered by dunes during all stages of the 
flood of 1997 (Plate 4.3). The average length and height of these dunes hardly changed 
during the flood. There were large dunes in the northern part of the river and much 
smaller dunes in the southern part (profiles I-III in map C). Both large and small dunes 
had a more three dimensional plan form, which changed drastically as the dunes migrated 
downstream (see the shape of the dune near the arrow in all four maps). The large 
undulating forms that are visible in Profile Ill below ihap C are not dunes. These forms 
do not migrate downstream and are closely related to the location of groynes. The large 
depressions in Profile Ill refer to scour holes behind the heads of the groynes clearly 
visible on map C. 
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Plate 4.1. Maps showing the spatial development of dtmes in Section 1 during the flood of 1995. (A - D) 
bed elevation at the beginning of the flood, at peak discharge, at maximum dune height and at the end of 
the flood respectively. Below map C, three profiles are plotted to show the differences in dune shape over 
the width of the river. m+ NAP refers to an elevation in meters above the Dutch ordnance datum. 
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4.3.2 Dune growth and decay 

The dune characteristics over the full width of the sections were averaged for each survey 
moment in order to investigate the growth and decay of dunes in time in more detail (all 
these averages are listed in Appendix A of this thesis). The characteristics were related to 
the discharge in phase diagrams. For these diagrams, all available measurements were 
used. This allows for comparisons between the three sections of the growth and decay of 
the dunes (figs. 4.7 and 4.8), the migration rates (fig. 4.9) and the bedload transport rates 
(fig. 4.1 0) calculated with dune height and migration rate. 
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Figure 4. 7. Phase diagrams of changing dune length in all three sections using all available data fi'om Table 
4.1. Filled and open triangles distinguish between single and multibeam measurements respectively. Filled 
and open squares and dots, respectively, distinguish between primmy and secondaty dunes in Sections 1 
and 2A. The arrows going to the right indicate the average development during rising discharge, whereas 
arrows going to the left indicate the development during falling discharge for specific floods. For Section 3, 
the dune length of both the large dunes in the nmihem half and the small dunes in the southem half is 
shown. 

4.3.2.1 Dune length 

During low to moderate discharges, the dunes in Section 1 and Subsection 2A were 
relatively short (fig. 4.7 A and B). As the discharge increased during a flood, the length of 
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the dunes increased greatly. The length of the dunes even increased further during the 
falling discharges until long after the maximum discharge. During the final stages of a. 
flood, secondary dunes appeared on the elongated primary ones with lengths comparable 
to the dunes present during the low to moderate discharges at the beginning of the flood. 

In Section 3 (fig. 4.7C), two types of dunes were always present, long dunes in the 
northern part and shorter dunes in the south. Both types of dunes did not change in 
average length in response to discharge. 
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Figure 4.8. Phase diagrams of changing dune height in all three sections using all available data from Table 
4.1. Filled and open triangles distinguish between single and multibeam measurements respectively. Filled 
and open squares and dots, respectively, distinguish between primary and secondary dunes in Sections 1 
and 2A. The atTows going to the right indicate the average development during rising discharge, whereas 
arrows going to the left indicate the development during falling discharge for specific floods. For Section 3, 
the dune height of both the large dunes in the northem half and the small dunes in the southem half is 
shown. 

4.3.2.2 Dune height 

During low to moderate discharges, the height of the dunes in Section 1 and Subsection 
2A was small (fig. 4.8a and b). In Section 3 (fig. 4.8c), at low discharge, the dunes in the 
northern part were lower than during high discharges but they were still much higher than 
the dunes in the southern part. As the discharge increased during a flood, the height of the 
dunes in all sections increased greatly. In Sections 3, however, the rate of height increase 
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Plate 4.2. Maps showing the spatial development of dunes in Seciion 2 during the flood of 1998. (A- D) 
bed elevation at the beginning of the flood, at peak discharge, at maximum dune height and at the end of 
the flood respectively. Below map C, three profiles are plotted to show the differences in dune shape over 
the width of the Bovenrijn. m+NAP refers to an elevation in meters above the Dutch ordnance datum. 

84 



\.~D) 

end of 
e over 

~ 'i 4,000 
(j) 
Ol :u 3,ooo 

_c 
(.) 
<f) 

0 2,000 

1,000 -'---"~'------'---.,-'--------~-'-------' 

(1_1 

~ 0 

~-1 

Bed elevation 
!HlAP) 

- <-25m 

I 
- -1,0 
lilllil -• =-1.0m 
IJ ttoO:Ita 

. ~. 

Bed elevation 
!•tiAP) 

- <-2.5m 

I 
- -1.0 -. .. 1.om 
:=; tlo03la 

.o ro ro ro 
,f 2 2 2 

A -<. 
27 Feb ruary 1997 

5 March 1997 

D Emt>an~'dftoodpiO!Il 

0 L•~e(drtd5fi'JJ 

Bed elevation 
(tNAP) 

- <-25m 

= -- -1.0 

Bed elevation 
(+tlAP) 

- <-25m = -- -1.0 

LJ 0.0 -- >\.Om 
L_ ttoD~Ia 

3 March 1997 

12 March 1997 

D -
-~-

Plate 4.3. Maps showing the spatial development of dunes in Section 3 during the flood of 1997. (A ~D) 
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the flood respectively. Below map C, three profiles are plotted to show the differences in dune shape over 
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became slower above a local discharge of about 2000 m3s-1
• The height of the dunes in 

the southern part of Section 3 did not change at all in response to discharge changes. 

In all three sections, the height of the dunes increased until a few days after the maximum 
discharge. The change in dune height lagged the change in discharge creating a hysteresis 
effect. Dune height was larger during falling discharges than during rising discharges. In 
Sections 1 and 2, this difference was much larger than in the northern part of Section 3. 

As was mentioned with respect to dune length, in Section 1 and Subsection 2A, at the end 
of a flood, secondary dunes appeared on the high primary ones. These secondary dunes 
had heights comparable to the heights of the dunes during the low to moderate discharges 
at the beginning of the flood. 
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Figure 4.9. Phase diagrams of changing migration rate in all three sections using all available data from 
Table 4.1. Filled and open triangles distinguish between single and multibeam measurements respectively. 
Filled and open squares and dots, respectively, distinguish between primary and secondary dunes in 
Sections 1 and 2A. The atTows going to the right indicate the average development during rising discharge, 
whereas arrows going to the left indicate the development during falling discharge for specific floods. For 
Section 3, migration rates were only calculated for the large dunes fi:om the northern half of the river. 

4.3.2.3 Dune migration rate 

During low to moderate discharges, no migration rates 1·could be determined for the dunes 
in Section 1 and Subsection 2A (fig. 4.9A and B) because the dunes that were present 
were small and probably migrated much too fast between two consecutive measurements. 
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In Section 3 (fig. 4.9C), the migration rates were smaller during low to moderate 
discharges than during high discharges. During the rising discharges of a flood, the 
migration rates showed an increase in all three sections. In Section 3, however, the 
migration rate stabilized above a local discharge of about 3000 m3s-1

. During falling 
discharge, the migration rates decreased greatly and were much smaller (in all sections) 
than during rising discharge. 

No migration rates could be calculated for the secondary dunes in Section 1 and 
Subsection 2A or for the dunes in the southern part of Section 3. These dunes were all 
small and probably migrated so fast between two measurements that individual dunes 
could not be identified between consecutive measurements. In addition, as the calculation 
of the migration rate depends on the cross-correlation technique, the average migration 
calculated in case of superposition represents only the migration of the largest forms and 
not the superimposed forms (Wilbers & Kleinhans, 1998). 
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Figure 4.1 0. Phase diagrams of changing bedload transpmt rate in all three sections using all available data 
from Table 4.1. Filled and open triangles distinguish between single and multibeam measurements 
respectively. Filled and open squares and dots, respectively, distinguish between primary and secondary 
dunes in Sections 1 and 2A. The arrows going to the right indicate the average development during rising 
discharge, whereas arrows going to the left indicate the development during falling discharge for specific 
floods. For Section 3, bedload transport rates were only calculated for the large dunes from the northern 
half of the river. 
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4.3.3 Hysteresis in sediment transport 

The measurements, from which both dune height and migration rate were determined 
were used to calculate bedload transport rates using dune tracking (Eq. 4.1). In Section 3 
(fig. 4.1 OC), bedload transport rate could only be calculated for the northern part of the 
river because no migration rate could be calculated for the small dunes in the southern 
pati. During low to moderate discharges, these rates were much lower than during high 
discharges. In Section 1 and Subsection 2A, no bedload transpmi rate could be calculated 
during low to moderate discharges because the migration rates were unknown. 

During the rising stage of a flood, the bedload transport rate increased sharply in all three 
sections. However, in the northern part of Section 3, the bedload transport rate stabilized 
above a local discharge of about 4000 m3s-1

. During falling stages, the bedload transport 
rate decreased sharply in all three sections and was somewhat smaller than during the 
same discharges on the rising limb of the flood wave. In Section 1 and Subsection 2A 
(fig. 4.10A and B), the bedload transport rate decreased to almost zero, whereas in 
Section 3, the transport fell back to the level reached at 2000 m3s-1 during the rising 
discharge. No bedload transport rate could be calculated for the secondaty dunes in 
Section 1 and Subsection 2A, which appeared at the end of a flood because it was not 
possible to calculate the dune migration rate. 

During the flood of 1998, the bedload transport rate in Subsection 2C unexpectedly still 
increased during the falling limb of the discharge. This deviant behaviour is not 
considered here, as it was treated in detail by Kleinhans (2002a). 

4.4 Discussion 

The results presented in this paper mainly focus on dunes during three flood waves. 
These flood waves were very different in their duration and peak discharge. In addition, 
the results on observed dunes during these flood waves refer to three different sections in 
the Bovenrijn and Waal reaches of the Dutch Rhine. For each section, a different flood 
wave was studied in detail. This may complicate the comparison of the dune patterns, 
dune growth and decay, and bedload transport hystereses for these sections as differences 
may result from different conditions in river plan form, grain size or energy conditions of 
the driving hydrodynamic force. However, looking carefully at the hydrodynamics during 
the floods in combination with the growth and decay of dunes, sufficient information can 
be obtained on the impact of local conditions vs. variations in flood characteristics. 
Furthermore, additional information on dunes is available for Section 2 from the 1997 
flood (Ten Brinke et al., 1999a; Kleinhans & Ten Brinke, 2001; Kleinhans, 2002a) and 
for Section 3 from the 1998 flood (Wilbers, 1999). 

4.4.1 Dune patterns 

Sections 1 and Subsection 2A both refer to the sam~ reach of the Dutch Rhine river 
system and are only a few kilometres apart. The geometry of the channel and floodplain, 
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and the grain-size composition of the bed in both sections are comparable. The results for 
Section 1 refer to the large flood of 1995 while the results for Sub-section 2A refer to the 
flood of 1998, with additional information on the 1997 flood based on Ten Brinke et al. 
(1999a), Kleinhans & Ten Brinke (2001) and Kleinhans (2002a). Section 3 is located 
further downstream and is characterized by a much finer bed grain-size. The results for 
this section refer to the flood of 1997, with additional information on the 1998 flood 
based on Wilbers (1999). 

Sections 1 and 2 (Plates 4.1 and 4.2) showed similar dune patterns during the different 
stages of a flood wave. At the beginning and directly after the flood wave, the bed was 
almost flat, whereas large dunes developed during the rising limb and over the peak 
discharge with the dunes being most pronounced a few days after peak discharge. Dune 
growth and decay responded quite rapidly to changes in hydrodynamics. In addition, 
dune patterns were regular with more or less straight fronts perpendicular to the river 
banks. There was no remarkable variation in dune height and length across the river. The 
results in Section 3 were very different. Dunes were ah·eady present at the beginning of 
the flood, and the bed did not flatten after the flood wave. Besides, dune size varied 
greatly across the river. 

The combined dune results published here and in previous publications for Subsection 2A 
and Section 3 refer to the same floods. However, although the different floods in Section 
1 and Subsection 2A result in similar dune growth, decay, shape and spatial variation 
patterns, the floods of 1997 and 1998 result in very different dune properties in 
Subsection 2A and Section 3. From this observation, it may be concluded that it is not the 
differences between the three floods but the differences in the conditions between Section 
1, Subsection 2A and Section 3 that largely determine the observed differences in dune 
properties over time. 
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Figure 4.11. The variation of the length of protrusion of the groynes on both sides of the river. 
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4.4.1.1 The impact of groynes 

The presence of groynes leaves its marks upon the morphology of the river bed. 
Turbulence behind the groyne heads causes scour holes that protrude and fade towards 
the river axis in downstream direction. This phenomenon is most apparent in Section 3, 
where this erosion shows as 'flames' on the coloured depth maps (Plate 4.3). In between 
these flames the river bed is slightly higher due to the increase of the wetted cross-section 
in between the groynes. The river bed, therefore, shows an undulation with a wave length 
equal to the spacing of the groynes, which, along the Bovenrijn- Waal, is generally 200 
m. These undulations are fixed and do not interact with the superimposed moving bed 
forms (Wilbers, 1999). The length of protrusion of the groynes into the river does also 
not vary systematically along the river (fig. 4.11). It is therefore unlikely that differences 
between the sizes of groynes or groyne fields have influenced the observed differences in 
the behaviour of the dunes between the sections. 

4.4.1.2 Grain size effects 

The process of dune growth and decay will depend on the ratio between the strength of 
the river currents and the grain size of the bed. At a certain stage bed forms are formed 
more easily when the sediment of the bed is finer grained. Thus, the comparison of 
sections with different grain size of the bed during the same floods may show dunes to be 
more pronounced in the finer grained sections than in the coarse-grained ones. This 
seems to apply to Section 3 when compared with Section 1 and Subsection 2A. In the 
finer grained Section 3, dunes are always present, whereas in Sections 1 and 2, they only 
occur during a major flood. In the coarse-grained sections, dune growth during a flood 
wave may be further retarded due to armouring of the top layer of the bed. The energy 
conditions first have to reach the threshold for breaking-up the armour layer before 
bedload transport may be increased and dunes may grow. 

When the bed does not become fully mobile, because part of the bed material is too 
coarse grained relative to the strength of the flow, dune growth is determined by the 
availability of fmer grained sediment on top of the inactive sediments. The movement of 
small dunes of fine sand as individual dunes on top of an armour layer is common for the 
German Niederrhein, upstream of Section 1 (Carling et al., 2000). The presence of small 
dunes at low flows in Section 1 and Subsection 2A also points to this process. 

The aspect of the influence of the availability of fine-grained sediments on dune growth 
may explain the difference of dune properties between the northern and the southern part 
of the river at Section 3. In this section large dunes are present and moving actively in the 
shallow, northern part, whereas much smaller dunes occur in the deeper, southern part. 
Normally the shallow parts, being the inner bends in a meandering river, have finer 
grained sediments than the outer bends. Hence, the presence of large, moving dunes in 
this slightly-curved inner bend on the north side of Section 3 makes sense. The deeper 
part on the south side should be coarser grained and may even be armoured. The presence 
of small moving dunes in this part is probably due to a ~hallow fine-grained sand layer on 
top of sediments that are too coarse to allow dunes to be formed. Thus, the growth of 
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these small dunes into larger ones is hindered by the restricted availability of these fine
grained sediments. 

This theory agrees very well with the morphodynamic behaviour of sandy beaches in 
between the groynes along the river. Research has shown that these beaches deliver fine
grained sand to the channel (river bed) due to erosion by draw down currents induced by 
the passage of large vessels (Ten Brinke et al., 1999b). Shipping density in this reach is 
among the highest of all the waterways in the world. The erosion of the beaches is a 
continuous process that results in the transport of fine-grained sand to the river bed 
during most of the year (low - average discharge). This loss of sediment is compensated 
during large floods when deposition of sand on these beaches takes place. This process 
significantly influences sediment transport in the river because it results in the sediment 
of the top layer of the bed being relative fine-grained in those parts of the river bed where 
the erosion of the beach during low- average discharge is strongest (Ten Brinke et al., 
1998). This is typically the southem half of the river bed, due to the way shipping is 
arranged on this river. This shipping is mainly characterized by heavily loaded vessels 
sailing from Rotterdam harbour to Germany, and vessels with little or no cargo retuming 
to Rotterdam. The vessels sailing to Germany generally follow the south banlc, and the 
vessels going back to Rotterdam follow the north banlc The currents induced by shipping 
are much stronger for upstream-moving, heavily loaded vessels than for downstream
moving ones (Bhowmik et al., 1995). Thus, the impact of navigation traffic on erosion of 
the groyne field beaches is strongest in the south em part of the river and results in these 
beaches being a source of relatively fine-grained sediment for the main channel during 
most of the time (Ten Brinke et al., 1999b). 
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Figure 4.12. The variability in discharge through the floodplain and the flow velocity in the main channel 
of the Bovenrijn- Waal during the flood of 1995 calculated with: SOBEK. 
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4.4.1.3 Floodplain effects 

A second important difference between Sections 1 and 2 and Section 3 is the way the 
discharge is distributed over the wetted cross-section of main channel and floodplain 
during floods, and the effect of this distribution on the hydrodynamic force in the main 
channel at different discharges. This aspect is particularly relevant in The Netherlands 
since Dutch rivers are embanked. A typical cross-section of a Dutch river landscape 
consists of a main channel, levees on both banks, and the floodplain between the levees 
and the main dikes. At low to moderate discharge, the floodplain is drained and in use as 
meadows and nature reserves. During a flood, the floodplain is submerged and, gradually, 
more discharge is diverted through the floodplain. The area of floodplain and the height 
of the levees vary along the river; thus, the part of the discharge that flows through the 
floodplain varies both in space (along the river) and in time (during the flood). This 
results in relationships between river discharge and main channel current velocity (and 
bed, and grain-related shear stress) that differ from one point to another. 

For the Bovenrijn- Waal reach this effect was studied with the one-dimensional SOBEK 
model simulating the 1995 flood. At four instances during the rise and fall of the flood, 
the part of the discharge that flows through the floodplain was calculated along with the 
flow velocity in the main channel. The results are shown in fig. 4.12. During peak 
discharge up to 50% of the discharge flows through the floodplain (fig. 4.12B). This 
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Figure 4.13. The changes in bed shear stress from SOBEK in the three sections during rising discharges. 
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percentage varies greatly along the river. Floodplain discharge is highest in the middle 
part of the Bovemijn - Waal reach, corresponding to Section 3, and smallest in the 
upstream (near Sections 1 and 2) and downstream parts. The along-stream variation in 
floodplain discharge is directly reflected in the along-stream variation of main channel 
flow velocity. During peak discharge (fig. 4.12B), main channel flow velocity is highest 
in the upstream part (near Sections 1 and 2). 

The importance of the floodplain for diverting the river discharge varies during the flood 
wave such that certain parts of the main channel lose so much water to the floodplain that 
main channel flow velocity no longer increases during the rising limb of the flood. This is 
shown clearly in fig. 4.12A-C. In the first part of the rising limb of the flood (fig. 4.12A), 
most of the river discharge is still accommodated in the main channel, and flow velocity 
increase is about the same all along the river. In the second part of the rising limb (fig. 
4.12B), the floodplain is accommodating more and more water, and the further increase 
in main channel flow velocity varies greatly along the river, being large near Sections 1 
and 2 and negligible near Section 3. During the fall of the flood (fig. 4.12C), the reverse 
takes place, and main channel flow velocity at Sections 1 and 2 drops again. 

This effect of the floodplain flow on the energy conditions in the main channel is 
expressed in the relationship between bed shear stress of the main channel and river 
discharge for the Sections 1-3 (fig. 4.13), and the relationship between grain-related shear 
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Figure 4.14. The changes in grain-related shear stress from SOBEK in the three sections during rising 
discharges. 
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stress of the main channel and river discharge in fig 4.14. In Sections 1 and 2, an increase 
of river discharge results in a steady increase of bed and of grain-related shear stress. In 
Section 3, the bed and the grain-related shear stress increases during low to moderate 
discharges but becomes constant at high discharges. 

4.4.2 Dune growth and decay 

The results show that there is a clear distinction between the dune growth and decay 
pattems in Sections 1 and 2 and Section 3. In Sections 1 and 2, the dunes increase greatly 
in size, whereas in Section 3, the dune size and migration rate show no further increase 
above a local discharge of 3000-4000 m3s-1

. In all three sections, dune height vs. 
discharge shows a counter-clockwise hystereses pointing at dune height lagging the flood 
wave. This hystereses is very clear for Sections 1 and Subsection 2A, and obscured for 
Section 3. In Sections 1 and Subsection 2A, the dune length also lags the flood wave, but 
in a somewhat peculiar way: the dune length continues to increase during the falling limb 
of the flood until the dunes gradually disappear because their heights approach zero. This 
may be due to material in the top part of the dunes being eroded and than deposited in the 
troughs. This causes some dunes to aggregate and to form long, very low dunes. In 
Section 3, the dune length does not change in response to discharge. 

At the end of a flood, the flow conditions over the long and low dunes in Sections 1 and 
Subsection 2A become favourable for smaller, steeper dunes superimposed on the long 
dunes. The long primary dunes become totally covered with these smaller secondary 
dunes (fig. 4.6). Once this has happened, the migrating secondary dunes represent all the 
bedload transport activity and are the only forms that influence the hydraulic roughness 
(Kleinhans, 2002a; Chapter 7). 

4.4.2.1 Relations with shear stress 

In the foregoing discussion, it was shown that both grain-size and shear stress variation 
along the river play an important role in determining along-stream variation in dune 
characteristics and their variation in time. The observed differences between the dune 
characteristics of Section 3 with respect to Sections 1 and 2 are very similar to the 
differences in the shear stress- discharge relations in figs. 4.13 and 4.14. Apparently, the 
discharge distribution over the main channel and the floodplain greatly influences the 
bed, and the grain-related shear stress in the main channel, which determines dune 
behaviour and bedload transport. The difference in grain size is less important but 
probably determines the energy needed for dune creation and the dune's ability to 
respond to the changing flows. 

The shear stress and grain size differences between the three sections can be combined in 
the Shields' mobility parameter (dimensionless bed shear stress, 8, or dimensionless 
grain-related shear stress 8') and related to the developrllent of dune length, height and 
dimensionless migration rate C* in all three sections (figs. 4.15 A-D and 4.16 A-D). 
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(} = Tb 

(p, - P )gD5o 

(}'= T' 

(p,- P )gD5o 

(4.2) 

Where 'tb =bed shear stress (N m-2
); -r' = grain-related shear stress (N m-2

); Ps = density of 
sediment (kg m-3

); p = density of water (kg m-3
); g = gravitational acceleration (m s-2

); 

Dso =median grain-size (m). The grain related shear stress is defined as: 

r' = pg(~,J (4.3) 

where U = average flow velocity (ms-1
); C' = Chezy value related to grain roughness 

(ms-05) which is defined as: 

C' = 18log( 
12

h J 
1D9o 

(4.4) 

where h =average water depth (m); D90 = 90 percentile of the grain-size distribution (m). 
A grain related roughness height of 1D90 was chosen over 3D9o because the bed material 
in all branches has a significant amount of gravel. 

A dimensionless migration rate c* is defined as: 

c* = cL (4.5) 
D (Ps -p)gD 

50 50 
p 

Where L =dune length (m). The dune length was used in the dimensionless migration 
rate instead of the more obvious dune height (Eq. 4.1), because changing the length of a 
dune involves more transport of material than changing the dune height. In addition, it 
takes more time to change the length of longer dunes than of smaller dunes, thus creating 
a clear relation between dune length and migration rate. Other ways of creating a 
dimensionless migration rate (for example without L or H) did not result in a clear 
relation with dimensionless shear stress . 

Relating dimensionless bed shear stress, or dimensionless grain-related shear stress to 
dune development would probably work best for rising discharges. During falling 
discharge, other processes, such as lagging of dune development behind changes in flow 
conditions, grain-sorting processes in dunes and bedload transport (Kleinhans, 2002a), 
and the development of superimposed dunes, also effect dune development, thus 
disturbing the possible relation between dimensionless shear stress and dune 
development. 
Dune height as well as length and migration rate (figs. 4.15 and 4.16) show reasonably 
good relations with dimensionless bed shear stress, and dimensionless grain-related shear 
stress during rising discharges in the range of8 between 0.07 and 0.5 and 8' between 0.04 
and 0.2. The data from Subsection 2C (the Waal branch of the bifurcation in Section 2) 
during the flood of 1998 were not used in creating the power relations for dune length 
and height, as they clearly plot below the other data sets. It seems that the development of 
the dunes in this section is delayed during rising discharges, possibly indicating that the 
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bed was armoured before the flood of 1998. An armour layer may have been intact in this 
section until a few days after the initial rise of the flood and, from that moment, the dunes 
may have had a large delay with respect to the development in other sections, which may 
have kept the dunes relatively small. 

The different sections represented in figs. 4.15 and 4.16 form separate clusters, especially 
those from Section 3, which cluster in the upper right part of the graphs (figs. 4.15 A and 
B, and 4.16 A and B). In addition, there is a distinction between the three subsections of 
Section 2. This clustering is a clear indication of the differences in mobility of the graded 
bed material in the different sections. In Section 3, the bed material is better sorted with 
much more sand available than in the other sections, causing a higher mobility during 
similar bed shear stress conditions. The same holds true for Subsection 2A (the 
Bovenrijn), which has a mixed sand-gravel bed, whereas the bed in Subsection 2B (the 
Pannerdensch Kanaal) has more gravel than sand. 
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4.4.3 Hysteresis in bedload sediment transport 

Similar to the dune height, length and migration rate, the calculated bedload transport rate 
was also related to 8, and 8' for rising discharges. For this the bedload transport rate is 
made dimensionless using: 

(4) 
D (Ps -p)gD 

50 50 p 

where q8 = bedload transport rate calculated with dune tracking (m3s-1m-1
). The relations 

between q8 * and 8, and between qs * and 8' for the rising stage of the flood wave, are 
power functions with an exponent of 1.5 (figs. 4.15D and 4.16D). This corresponds well 
with Meyer-Peter-Miiller (1948) and Van Rijn (1984) (in Kleinhans and Van Rijn, 2002). 
Therefore, during rising discharge, bedload transport rate can be predicted. During falling 
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discharge the bedload transport rate is slightly lower than during the rising stages of a 
flood at similar discharges (fig. 4.1 0), and a different relation will be necessary to predict 
the bedload transport rate during these falling stages. The lower transport rates during 
falling discharge result from the fact that, although the dunes are higher, they migrate 
slower. This hysteresis is probably due to more energy dissipation by form drag on the 
falling limb of the discharge curve because of the lagging of the dunes. The smaller dunes 
also may play an important role in the hydraulic roughness and energy loss (Julien, et al., 
2002). Thus, at similar discharge, less energy may be available for bedload transport after 
the peak discharge (K1einhans, 2002a) 

The small dunes in the southern part of Section 3 and the secondary dunes in Sections 1 
and 2 are not considered because their migration rates could not be detennined. These 
dunes most likely migrated much faster than the larger dunes that were present at the 
same time. For Section 3, this means that the bedload transport in the southern part 
probably is at least the same amount and maybe even more than in the northern part. For 
Sections 1 and 2, this means that the bedload transport rate at the end of a flood should 
have been calculated using the secondary dunes instead of the primmy ones as done here. 
This may have resulted in larger bedload transport rates during the final stages of a flood. 

4.5 Conclusions 

In this study the growth and decay of the dunes and the related bedload transport in the 
Dutch Rhine were analysed from echosoundings collected during several floods and 
during periods of low to moderate discharges. In pmiicular, dunes were analysed during 
three major floods (1995, 1997 and 1998) for three separate sections of the Bovenrijn and 
Waal, and the results show how dunes appear, grow and decay during a flood in the 
different sections. Dune development appears to be very different for the various sections 
in response to discharge. This is primarily due to grain-size differences and a variable 
discharge distribution over the main channel and the floodplain. The influence of 
differences in shape and duration of the flood waves on the spatial variation in dune 
characteristics seems to be less important. 

The variable discharge distribution over channel and floodplain causes a clearly different 
development of bed shear stress and grain-related shear stress in the main channel of the 
three sections, which is reflected in the way dunes develop. Combining the differences in 
grain-size and the differences in either bed shear stress or grain-related shear stress 
development into the Shields mobility parameter or the dimensionless grain-related shear 
stress, results in reasonably good power relations that predict dune height, length and 
migration rate for the given conditions. The dune dimensions and bedload transport rate 
correlate equally well with grain-related shear stress as with overall bed shear stress. 

Dune size and migration rates were also used to calculate the bedload transport rates in 
the three sections using the dune tracking technique. The results of these calculations, 
when related to the mobility parameter, showed a clear power relation, similar to the 
bedload predictors ofMeyer-Peter-Miiller (1948) and Van Rijn (1984). 
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Notation 

8 
8' 
Ps 
c 
C' 
C* 
Dso 
D9o 
g 
h 
H 
L 
qs 
qs 
u 

* 

Bedload discharge coefficient (-) 
Density of water (kg m-3

) 

Bed shear stress (N m-2
) 

Grain related shear stress (N m-2
) 

Shields' mobility parameter ( dimensionless bed shear stress) 
Dimensionless grain-related shear stress 
Density of sediment (kg m-3

) 

Dune migration rate (m s-1
) 

Chezy value related to grain roughness (ms-05
) 

Dimensionless migration rate (-) 
Median grain-size (m) 
90 percentile of the grain-size distribution (m) 
Gravitational acceleration (m s-2

) 

Average water depth (m) 
Dune height (dune crest - dune trough) (m) 
Dune length (m) 
Bedload transport rate calculated with dune tracking (m3s-1m-1

) 

Dimensionless bedload transport rate calculated with dune tracking 
Average flow velocity (ms-1

) 
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5 Predicting dune development during flood 
waves in the Rhine branches in The 
Netherlands. 

Abstract 

To determine the influence of hydraulic roughness on the water levels in a river the size 
of dunes on the river bed must be lmown as well as their growth rate during flood events. 
A review of existing prediction methods reveals that these are not applicable in the 
unsteady, non-uniform flow conditions of the Rhine. Therefore in this study a new 
method is presented to predict the dune dimensions in several branches of the River 
Rhine in The Netherlands. This method is based on the ideas of Allen (1974, 1976a, 
1976b) whereby the rate of dune development depends on the difference between the 
dune dimensions before a change in flow conditions and the new equilibrium dimension 
belonging to those flow conditions. However due to lack of measurement data on changes 
in grain size during flood events, the grain size had to be presumed constant. This 
resulted in the fact that not one equilibrium equation but a set of two equilibrium 
equations had to be used, together with threshold values defining their use. The 
difference in the development of dune height and length in the Rhine also resulted in two 
different average adaptation constants, one for dune height and one dune length. 

Together these necessary adaptations to the generic method resulted in three calculation 
models (a set of functions, thresholds and adaptation constants) for the Rhine branches. 
There is a calculation model for the dune height and one for the dune length applicable 
near the Pannerdensche lmp. And there is a calculation model for dune height, applicable 
in the W aal near Druten. A comparison between the simulations of the models and the 
observations from individual flood events in individual sections showed that the models 
accurately simulate the trends of dune development, the moments of maximum dune 
dimensions, and the occurrence of superposition of secondary dunes. Even the actual 
dune height and length was simulated accurately several cases. 

This chapter has been submitted to Sedimentology. 

103 



5.1 Introduction 

Dunes are common features on the bed of most rivers not in the least the Rhine branches, 
Bovenrijn, Waal, and Pannerdensch Kanaal, in The Netherlands (Chapter 4). During 
floods these subaqueous dunes grow in length and height and become major obstacles, 
thereby increasing the hydraulic roughness in the river and creating higher water levels 
(Van Rijn, 1984). To accurately predict these water levels during flood events, with 
regard to designing criteria for flood protection plans, detailed and reliable predictions of 
the dune dimensions are necessary. Previously, several investigators constructed 
prediction methods for dune dimensions in steady and uniform flow conditions, relating 
them to flow strength, water depth, and grain size of the bed material (e.g. Shinohara & 
Tsubaki, 1959; Ranga Ruju & Soni, 1976; Alien, 1978; Freds0e, 1982; Van Rijn, 1984; 
and Karim, 1999; see also the review section below). However, in river situations there 
are strong feedback relations between those factors and the hydraulic roughness causing 
unsteady and non-uniform flow conditions especially during a flood wave. In those 
conditions it is not easy to predict the dune dimensions at specific moments, as they do 
not only depend on the reigning flow conditions of that moment but also on the 
development of the flow conditions before that moment. Prediction methods for these 
conditions were formulated by other investigators, however, those methods cannot 
readily be used in the Rhine branches (see the review section below). Therefore, the 
objective of the present analysis is, to develop a new method, adapting the ideas of other 
investigators, which predicts the dimensions of dunes during the unsteady, non-uniform 
flow conditions of a flood wave in the Rhine branches. 

Before developing this new prediction method, the existing predictors are first reviewed 
and tested. Both this review and the development of the new prediction method use 
measurements of dune dimensions in the Rhine branches made during the last decade, 
extensively described in Chapter 4. These data refer to the Bovenrijn (Section 1 or 
Section 2a), the Pannerdensch Kanaal (Section 2b) and the Waal (Section 2c) near the 
bifurcation called the Pannerdensche lcop, and in the Waal near Druten (Section 3) (fig. 
4.1). Average dune dimensions were determined for 0.5 to 1 kilometre long river sections 
in all of these locations during the floods of 1995, 1997 and 1998 (Table 5.1), together 
with discharge and water depth. Flow velocity and bed shear stress values (Table 5.1) 
were obtained from a well-tested flow model designed for the Rhine branches in The 
Netherlands (Van der Veen, 2002; Chapter 4). The average grain size of the bed material 
was determined from extensive drilling and grab-sampling by Rijkswaterstaat (Ten 
Brinke, 1997; TNO-NITG, 2000). As no information was available on the changes in 
grain size during these flood event, the grain size had to be assumed constant for each 
section during all flood events (fig 4.2, Table 5.1). The observed dune development in the 
different river sections and during different flood events are shown in figure 5 .1. 
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Pannerdensche Kop, Sections 1 and 2 (a) and near Druten, Section 3 (b). Dates indicate the year in which 
the flood occurred. In all cases hystereses was anti-clock wise . 

5.2 Review of existing prediction methods 

As was said in the introduction several investigators formulated methods for the 
prediction of dune dimensions. In most cases these methods were made for steady and 
uniform flow conditions. This means that there is a unique dune height and length for 
each specific combination of flow characteristics, independent of previous conditions. 
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Steady and uniform flow therefore makes it possible to predict the dune dimensions with 
a single function. For unsteady, non-uniform flow conditions only a few prediction 
methods were made. In unsteady, non-uniform flows, a specific combination of flow 
characteristics does not result in the same unique dune dimensions. Instead, the dune 
dimensions at a specific moment are greatly influenced by previous flow characteristics 
and dune development. In the next sections both types of prediction methods are 
reviewed and tested. Then this analysis will be used to formulate a new method 
applicable in the conditions of the Rhine branches. 

5.2.1 Steady, uniform flow conditions 

For steady, uniform flow conditions, equations have been developed for dune length, 
dune height and sometimes dune steepness (H/L). These equations can be divided into 

a 10c---------------------------------------~ 

I .... ..c: 
Cl .Cii 
J: 
Ql 
c 
::l 
Cl 

0. 

5 10 20 40 
N 

0.01 +------'--'---'--"--'-'-.Lf---'------'l..o.!...>l.l.L.'-'J.lJ~'--~-'----''-'---'--'---'--'-l 
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Figure 5.2: The measured dune heights (a) and lengths (b) of the Rhine branches plotted in diagrams of 
Allen, (1968). Frequency (N) histograms of the dune height, length and water depth of the Rhine data are 
drawn to show that the most frequent characteristics are predicted with the predictor of Allen (1968). 
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several groups, depending on the factors used in the relations, whether their development 
is based on theoretical or empirical grounds, or whether the predictions result in average 
or equilibrium dune dimensions. In most equations the dune dimensions are related to a 
combination of flow strength (either flow velocity or a type of shear stress), water depth, 
and grain size (e.g. D5o, or D90). Examples of such equations were made by Shinohara & 
Tsubaki (1959) (see Appendix 5.I), Ranga Ruju & Soni (1976), Alien (1978), Fredsoe 
(1982), Van Rijn (1984), and Karim (1999). Others use only one or two of these factors. 
Anderson, (1953), Stein, (1965), Tsuchiya & Ishizaki (1967), Gill (1971), Yalin (1972), 
and Kennedy & Odgaard (1990) for example use only water depth and flow strength, 
while Alien (1968) (see Appendix 5.I) and Mohrig (1994) only use the water depth. Some 
investigators incorporated very specific parameters in their predictors, which are often 
difficult to obtain in flied situations. The equation of Kennedy (1969), for example, 
requires the critical flow velocity, the equation ofFredsoe (1980) needs the shear stress at 
the top of a dune, and the equation of Karim (1995) requires the shear velocity and fall 
velocity to predict dune dimensions. 
Table 5.2. The selected steady, uniform flow predictors of dune height and dune length tested in the 
unsteady, non-uniform flow conditions of the Rhine, divided into theoretical and empirical based. 

Theoretical 

Empirical 

Dune Length 

Anderson (1953) 

Tsuchiya & Ishizaki (1967) 

Yalin (1972) 

Shinohara & Tsubaki (1959) 

Yalin (1964) 

Alien (1968) 

Van Rijn (1984) 

Julien & Klaassen (1995) 

Dune height 

Tsuchiya & Ishizaki (1967) 

Gill (1971) 

Karim (1999) 

Shinohara & Tsubaki (1959) 

Alien (1968) 

Ranga Ruju & Soni (1976) 

Van Rijn (1984) 

Julien & Klaassen (1995) 

Karim (1995) 

Most predictors are based on empirically fitted functions through data from different 
flume, river and estuary measurements (Shinohara & Tsubaki, 1959; Stein, 1965; Alien, 
1968; Ranga Ruju & Soni, 1976; Alien, 1978; Van Rijn, 1984; Mohrig, 1994; Julien & 
Klaassen, 1995; Karim, 1995). Others, like those of Anderson (1953), Tsuchiya & 
Ishizaki (1967), Kennedy (1969), Gill (1971), Yalin (1972), Fredsoe (1982), Kennedy & 
Odgaard (1990), and Karim (1999) are based on more theoretical considerations. 
Independent of the fact whether the equations are based on empirical or theoretical 
analyses, some equations result in an average value for dune dimensions (i.e. Alien, 
1968), while others predict more or less equilibrium dune dimensions (i.e. Tsuchiya & 
Ishizaki, 1967, or Van Rijn, 1984 (see Appendix 5.I)). The equations that result in 
average dune values, like the one from Alien (1968), predict the range of dune 
dimensions that can be expected in a certain river during all stages. Figure 5.2 shows, for 
example, that the data from the Rhine branches plot well within the data cloud collected 
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by All en, and that the most common dune lengths and heights (dotted lines) are correctly 
predicted by the equation of All en. 

To test the reliability of the equations for steady, uniform flow during the unsteady, non
uniform flows of the Rhine branches, several predictors were selected as indicated in 
Table 5.2. Others were excluded on the grounds that they either; 1) were based on only a 
small range of dune sizes (Mohrig, 1994), 2) were only available as diagrams (Stein, 
1965; Freds0e, 1982) and therefore required a full reanalysis of the original data to 
determine the mathematical functions, or 3) were using parameters that are very difficult 
to measure in field situations (Kennedy, 1969; Freds0e, 1980). Figure 5.3 shows an 
example of the prediction capabilities of five of these predictors for dune height and dune 
length for Section 2a during the flood of 1998. Only the results of these five equations are 
shown because they produced the best predictions. Some of these five predictors appear 
to perform well during low discharges (before and after a flood), such as Karim (1995) 
for dune height and Tsuchiya & Ishizaki (1967) for dune length. Others predict well the 
size of the dunes as they reach their maximum dimensions, for example Shinohara & 
Tsubaki (1959) and Van Rijn (1984) for both dune height and length. The dimensions of 
the secondary dunes are best predicted by Tsuchiya & Ishizaki, (1967). However, none of 
the predictors correctly predicts dune dimensions during the complete flood event. This 

a 10 -,:--------------------, ,s_ec_o_n_da_ry:_d_u_n_es .. 1.4 

1.2 

1.0 :§: 

o.1 ~~~-r-~~-'----t~~~.,.-'-~~___,_,__, '---"---~~~~-r-~-o 

0 5 10 15 20 15 20 
Days (since first measurement) 

-Observed dune height or length ---8-Shinohara & Tsubaki, 1959 

--B-Tsuchiya & Jshizaki, 1967 -A-Alien, 1968 --B-Van Rijn, 1984 --*"-Karim, 1995 

Figure 5.3: Evaluation of several predictors in predicting dune height (a) and dune length (b) in the 
Bovenrijn for the flood of 1998. A value of l in H/Ho denotes a perfect prediction. The predictors are 
named by the authors and their publication date, and the graphs are split to distinguish between primary and 
superimposed secondary dunes. 
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demonstrates the inapplicability of these predictors, which were made for steady and 
uniform flow conditions, in the unsteady, non-uniform conditions of the Rhine branches. 

5.2.2 Unsteady, non-uniform flow conditions 

The predictors proposed for steady, uniform flow conditions are inadequate in unsteady, 
non-uniform flow situations because they neglect two important processes, reaction and 
relaxation (Alien, 1974; 1976a; 1976b). Both result in dune dimensions lagging behind 
the values expected according to the prevailing flow conditions. The first process, 
reaction, occurs when the dune dimensions cannot change until a specific condition is 
reached. For example, in case of an armoured riverbed, during an increase in flow 
strength, the dunes cannot change until the annour layer is broken. Only at that time will 
there be enough bedload transport to increase the size of the dunes (fig 5.4). The 
existence of such a condition therefore results in a reaction time which is part of the total 
lag time of the dunes. However, as this reaction process only occurs in special situations 
it was neglected in all unsteady prediction methods. Conversely, the relaxation process is 
always present when the dune dimensions are changing from one flow condition to the 
next. It takes time to rework the required volume of sediment to establish new dune 
dimensions through bedload transport. Every time the conditions (a combination of flow 
and grain size) change, the dune height and length will slowly adapt to these changes and 
eventually reach an equilibrium value valid for the prevailing conditions (fig. 5.4), 
resulting in a relaxation time which normally is the major part of the totallag time. 

c 
B w 

I 
~ J5 Relaxation 
~ time r· 

IIJV'\A!MJWIJi>JN\I'M'WVV\fi\M 

I i ~~~~~.in£1.~~~.~.':!:..!.~Y..~:. .. ..l. ......................................... ····················································· 
I Velocit I 

1~--------.1 
Time--. 

Figure 5.4: Example of reaction and relaxation time. 

Several investigators developed prediction methods incorporating this process of 
relaxation (Alien, 1976a; 1976b; 1976c; Freds0e, 1979; Van Rijn, 1989). They did this in 
such a way that the rate of adaptation depends on the difference between the dune 
dimensions before the change in flow condition and thet.new equilibrium dimensions (fig. 
5.5, Alien, 1976a; 1976b; 1976c). Hence: 
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(5.1) 

Where D = any type of dune dimension; a = adaptation constant; Doo = equilibrium dune 
dimension; Do= dune dimension before any change (at t=O). The equilibrium dimensions 
are thereby predicted with a function: 

Doo=J(h,r,D.) (5.2) 

Where h = water depth; c= shear stress and D· = a particle parameter. Alien, Freds0e, and 

Do ·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-

Figure 5.5: The rate of adaptation of a dune characteristic (D) depends on the difference between the dune 
dimensions before the change in flow conditions (D0) and the new equilibrium dimensions (Dro). See also 
eq. 5.1. 

Van Rijn all defined the adaptation constant in their own way. Alien (1976a, 1976b, 
1976c), for example, used a dune excursion factor for it, which determines the life span 
of individual dunes in a population. However, to determine the life span of individual 
dunes, one has to know the migration rate of every dune, which is difficult to establish in 
field situations. Freds0e (1979) used an adaptation coefficient that was closely related to 
the Meyer-Peter & Muller (1948) transport equation thereby relating dune development 
to bedload transport. In field situations, however, bedload sediment transpmi is difficult 
to measure or predict (Kleinhans & Ten Brinke, 2001) making it difficult to determine 
the value of the adaptation constant. Van Rijn (1989) did not use eq. 5.1 directly but first 
defined a dune transition period based on the amount of sediment transport that is 
necessary to change the volume of a dune. He than used this transition period to define 
the adaptation constants for dune height and dune length. However, to calibrate this dune 
transition period and both adaptation constants, one needs large amounts of accurate 
measurements over time which are generally not available in field situations. None of the 
required data necessary to calibrate these three methods was available for the Rhine 
branches. The methods of Alien, Freds0e, and Van Rijn could therefore not be tested, and 
therefore are not practical prediction methods for the unste~dy, non-uniform conditions in 
the Rhine branches. 
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5.3 Development of a prediction method for the Rhine 
branches 

Instead of redefining the adaptation constant (a), like was done by Alien (1976a, 1976b, 
1976c), Freds0e (1979), and Van Rijn (1989), in this analysis it is proposed to determine 
this constant directly from the measurement data. Integration of eq. 5.1 yields: 
D(t) = D0 + (1- e-at)(D"'- D 0 ) (5.3) 

Which can be approximated, to provide the dune dimensions at any given time, with: 
D(t) = D(t-Il + (1- ea111 )(Doo,t- D(t_1) (5.4) 

where D(t) = dune dimension at time t; a = adaptation constant; Lit= time step; Doo,t = 
equilibrium dune dimension at time t; D(t-1) = dune dimension at previous time step. 
Assuming it is possible to defme a function describing the equilibrium dune dimensions 
at a given time (as if the flow was steady), it would be possible to determine the 
adaptation constant from: 

1- e-a!1t -- D(t)- D(t-1) (5.5) 
Doo,t- D(t-IJ 

in which a is a function of the time step between two measurements (Lit), and the quotient 
of the difference between two measurements (D(t) - D(t-1)) and the maximum difference 
between t=t-Lit and equilibrium (Doo,cD(t-1)). In the situation of the Rhine branches this 
means that first a function or a set of functions has to be defined that accurately describes 
the equilibrium dune dimensions (Doo) for the different Rhine branches. Secondly using 
these equilibrium predictors in eq. 5, the adaptation constants for the different branches, 
and for respectively dune height and dune length has to be determined from the available 
measurements. 

In chapter 4, the development of dune length and dune height is described and compared 
for the different sections in the Rhine branches (fig. 5.1). It showed that the dune 
development is comparable for all the branches near the Pannerdensche kop (Sections 1 
and 2), but that the development in the Waal near Druten (Section 3) is very different 
from Sections 1 or 2. It also showed that the development of dune height is different from 
the development of dune length. This probably means that implementing the new 
calculation method will result in a different set of equilibrium functions and adaptation 
constants for both dune length and dune height as well as for the sections near the 
Pannerdensche Kop (Section 1 and 2) and the section in the Waal near Druten (Section 
3). Hereafter, such a set of equilibrium functions and an adaptation constant, applicable 
for either dune height or length in one of the river sections, will be called a calculation 
model. All the different calculation models that are created are transcribed in Appendix 
5.II. 

5.3.1 Equilibrium predictors 

Equilibrium predictors are predictors made for steady, uniform flow conditions and 
predict the dune dimensions when the dunes are fully adjusted to the prevailing flow 
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conditions. In a river situation like the Rhine there are two moments when the dunes may 
reach this situation. First, if the flow conditions in a river are almost constant for a long 
period of time. In the Rhine this period of almost constant flow conditions occurs during 
the summer months when the discharges are low. This means that generally just before 
the start of the first flood wave in autumn or winter the dunes present on the bed will be 
at their equilibrium dimensions. The second moment of equilibrium dimensions occurs 
during a flood wave. As the discharge rises during a flood, the dunes will grow in length 
and height but will be smaller than their equilibrium dimensions. During the falling limb 
of the flood wave, the equilibrium dune dimensions will decrease. However, the observed 
dunes will still increase in size as they still are smaller than their equilibrium dimensions. 
A few days after the maximum discharge the dunes will stop growing as they reach the 
decreasing equilibrium dimensions. After this moment the observed dune size will 
decrease because the dunes are now somewhat larger than the equilibrium dimensions. 
The second moment where the dunes approximate their equilibrium dimensions therefore 
coincides with the observed maximum dune height or length. 

With these two moments, a predictor (originally made for steady flow) can be selected 
that predicts the equilibrium height or length of the dunes in the different branches. 
However, the analysis of the steady flow predictors in the review section (fig. 5.3) 
showed that there is no single predictor that predicts the observed dune height or length at 
both moments correctly during any flood event. Some predictors perform reasonably well 
during low flow conditions, while others can predict the maximum dune height or length. 
This means that with the available dataset the equilibrium dune dimensions can not be 
predicted with one method but a set of two predictors has to be used during a flood wave. 
To determine when to use which predictor certain threshold values have to be defined. 
These thresholds should be related to observed flow conditions that occur at the moments 
when the dune development in a river section changes significantly. Examples of such 
changes in Sections 1 and 2 are, the start of dune growth, the start of dune decline, and 
the start of superposition (fig. 5.1). In Section 3, a threshold has to be defined at the 
change in rate of dune development during both dune growth and decline. Table 5.3 
shows the bed shear stress values during the floods present at the moment the mentioned 
changes occurred in the different branches. The bed shear stress ("Cb) was used instead of 
the grain shear stress ( "Cb') or the dimensionless shear stress (8) because the grain size of 
the bed in the different branches had to be assumed constant during all flood events. Both 
the use of grain shear stress and dimensionless shear stress resulted in more variable 
threshold values compared to the bed shear stress values in Table 5.3. The average values 
from Table 5.3 show that near the Pannerdensche kop (Section 1 and 2), dunes start to 
grow in height and length as the bed shear stress exceeds 10 Nm-2

, during the falling limb 
of a flood the dune height starts to decrease as the bed shear stress drops below 13 Nm-2

, 

and the initiation of superposition occurs at the moment the bed shear stress declines 
again below 10 Nm-2

. In the Waal near Druten (Section 3) the growth of the dune height 
slows down considerably as the bed shear stress increases above 7 Nm-2

, and on the 
falling limb, the rate of decline increases again as bed shear stress declines below 7 Nm-2

• 

After defining the thresholds for the different Rhine branches, the two equilibrium 
predictors that will be used in the new prediction method were determined from the 
analysis used in the review section. The best predictors were selected by comparing 
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their predictions with the observations for either low flow conditions or for maximum 
dune dimensions. As a maximum dune length was almost never observed during any of 
the flood events, here the predictors were selected that predicted closest to, but still 
higher than, the longest dune length that was observed. For superimposed dunes a 
separate predictor for dune length and height was selected that best predicted these 
dimensions. Unfortunately, none of the functions that were tested was able to predict the 
equilibrium dune length in Section 3 because the dune length hardly changes in this 
section during any part of a flood event. Creating a calculation model for the dune length 
development in the Waal near Druten (Section 3) was therefore not attempted. A possible 
reason for this lack of change in dune length in this section will be discussed later. In 
Section 1 and 2, the dune height and length during low flows where best predicted by the 
method of Tsuchiya & Ishizaki (1967), while in Section 3, the dune height during low 
flows was best predicted by method of Allen (1968). Both these methods are described in 
detail in Appendix 5 .I. The best equilibrium predictor for dune height in Sections 1 and 2 
for rising and high flows was the method of Shinohara & Tsubaki (1959), while the 
method of Van Rijn (1984) was second best. For dune length in Sections 1 and 2, the 
equation of Van Rijn (1984) was the best option. In section 3, the prediction method for 
dune height of Van Rijn (1984) performed the best. To develop a prediction method that 
is consistent for all the branches, the equations of Van Rijn (1984) were chosen as the 
best high flow equilibrium predictors. However, In Appendix 5.1 both the prediction 
method of Shinohara & Tsubaki (1959) and of Van Rijn (1984) are described. 
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Figure 5.6: Exponential fit of the proportion of change in dune height as a function of time step (days) 
between measurements for the Bovenrijn during the flood of 1998. 

5.3.2 Adaptation constant 

The next step in making a new prediction method for the Rhine branches is to determine 
the adaptation constant of eq. 5.4 using eq. 5.5. In Figure 5.6 the right part of eq. 5.5 

( D(tJ-D(HJ ) is plotted against the time step (~t, in days) fr~m the left part of eq. 5.5. This 
Dro,t -D(t-l) 

115 



was done separately for measurements during rising and falling discharges and the 
adaptation constants were calculated by fitting the function 1-e-a"'t. Table 5.4 shows the 
results for the different river sections and for the different flood events. In all sections and 
during all flood events the adaptation constants were very similar. As the difference 
between rising and falling discharges was minor, it was ignored. This resulted in an 
average value for the adaptation constant of 0.12 for the dune height and 0.05 for dune 
length valid for all river sections and any flood event. 
Table 5.4. Adaptation constants for dune height and length in every Rhine branch dming the rising and 
falling limbs of different floods. 
* The values for Section 3 were excluded from the average values. 
** No adaptation constants for Section 3 were determined as the dune length does not changes at this 
location during a flood event. 

Dune height Rising limb Falling limb Avg. Avg. Overall 

1995 1997 1998 1995 1997 1998 Rise Fall Avg. 

Section 1 and 2a 0.12 0.09 0.13 0.12 0.07 0.11 0.10 0.11 
Section 2b 0.11 0.08 0.18 0.09 0.18 0.14 
Section 2c 0.04 0.05 0.19 0.22 0.05 0.20 0.12 
Section 3* 0.30 0.05 0.30 0.05 0.17 
Average 0.12 0.08 0.09 0.12 0.19 0.16 0.08 0.16 0.12 

Dune Length Rising limb Falling limb Avg. Avg. Overall 

1995 1997 1998 1995 1997 1998 Rise Fall Avg. 

Section 1 and 2a 0.05 0.05 0.05 0.07 0.05 0.07 0.06 
Section 2b -0.03 0.05 0.01 0.01 
Section 2c 0.04 0.04 0.04 
Section 3** 
Average 0.05 0.01 0.05 0.07 0.03 0.07 0.05 

5.3.3 The prediction method for the Rhine branches 

Selecting the equilibrium predictors together with the thresholds that define when to use 
which predictor, and combining that with the calculated adaptation constants, resulted in 
three different calculation models for predicting dune dimensions in the Rhine branches 
(Appendix 5.II). One model for dune height and one for dune length applicable in 
Sections 1 and 2, and one model for dune height applicable in Section 3. This last 
calculation model is only applicable for the large dunes that are normally found in the 
right half of the river (Wilbers & Ten Brinke, 2003), see the discussion section for further 
explanation. Every simulation can thereby start with either a measured dune height or 
length, or with a value predicted with the low flow predictor. In this last case it is 
assumed that low flow conditions lasted long enough before a flood event for the dunes 
to have reached equilibrium dimensions. 

As no other data is available besides the data used here to create the calculation models 
for the Rhine branches, validation of these models is not possible. However, because the 
models were made by averaging the results from all branches and all flood events, it is 
possible to test their applicability against single flood events in individual sections 
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selected from the total dataset. Figure 5.7 shows that the models for dune height and dune 
length, calibrated with average thresholds and adaptation constants, follow the trends 
observed in the dune development in Section 1 for the flood of 1995, in Section 2b for the 
flood of 1998, in Section 2c for the flood of 1997, and in Section 3 for the flood of 1997, 
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Figure 5. 7: Examples of observed and predicted dune development: 
a) in the Bovenrijn (Section 1) for 1995 
b) the Pannerdensch Kanaal (Section 2b) for 1998 
c) the Waal near the Pannerdensche Kop (Section 2c) for 1997 
d) the Waal near Druten (Section 3) for 1997. 
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Figure 5.8: Comparison between observed and predicted dimensions. The line at a 45° angle denotes a 
perfect simulation. 1• 

a) Bovenrijn (Sections 1 and 2a). 
b) Pannerdensch Kanaal (Section 2b ). 
c) Waal near Pannerdensche Kop (Section 2c). 
d) Waal near Dmten (Section 3). 
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:es a 

reasonably well. The moments when dunes stmi to grow, decline, or superposition occurs 
are simulated well. In some cases (fig 5.7a, b and d) even the observed dune height and 
lengths are approximated. Figure 5.8, however, shows that especially during high flows, 
the dune dimensions are over-predicted in Sections 1 and 2, while the dune height in 
Section 3 is always slightly under-predicted. 

5.4 Discussion 

A new prediction method was developed to predict the dune height and dune length 
during unsteady flows in the Rhine branches. Due to inherent differences between the 
development of dune height and length in the different river sections this new method 
resulted in three different calculation models. A comparison with individual flood events 
in individual river 

sections shows that these models are applicable with reasonable accuracy. However, two 
aspects prohibit the general application of this method in any event anywhere in the 
Rhine or it's branches. The first is that the adaptation constant seems to be different for 
individual branches, for rising or falling discharge, and for dune height and dune length. 
The second is that in using the available dataset from the Rhine branches, two predictors 
have to be used to calculate to equilibrium dune height or length, instead of one. In this 
section these two aspects will be discussed in more detail. Besides these two aspects, a 
reason has to be found to explain why no prediction method can be made for the dune 
length of the large dunes and the dimensions of the small dunes in Section 3. 

5.4.1 Adaptation constant 

In the analysis above, it was assumed that the adaptation constant could be averaged over 
all branches and over rising and falling flows. Statistically, there was no difference 
between the adaptation constants for rising and for falling flows, or for the adaptation 
constants in the different branches, because of the small number of measurements. 
However, the adaptation constant for dune height in Section 3 during the 1997 flood was 
much larger than the values in Section 2. In Sections 2b and 2c during falling discharges 
the values were higher than during rising discharges. This may indicate that a factor, 
influencing the adaptation constant, was ignored. As the grain size of the dune material 
was assumed constant during all events (due to lacking measurements), the grain size 
may be this lacking factor. The grain size in Section 3 is much finer than in Section 2. 
This could result in a faster adaptation, as is indicated by the larger adaptation constants. 
Also, Kleinhans (2002) showed that in Section 2c the grain size of bedload transport 
material decreased during the flood of 1998 making the material sandier during falling 
discharges than during rising discharges. These smaller grain sizes could result in a faster 
adaptation during falling discharges as is indicated by the larger adaptation values during 
falling discharge in Section 2c. 
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5.4.2 Two equilibrium predictors 

The basis of the new prediction method is formed by eq. 5.1 and 5.2, with eq. 5.2 
defining the function that describes the equilibrium dune dimensions. However, none of 
the existing predictors, that were tested, performed well during a complete flood event. 
Therefore a set of two different equations was used separated by arbitrary threshold 
conditions. The fact that none of the existing predictors could be used throughout a flood 
event is probably caused by the assumption of a constant grain size. The bed material of 
the Rhine branches is composed of a badly sorted, mostly bimodal, sand and gravel 
mixture (fig. 4.2), so it is plausible that the average grain size of the dunes changes 
during a flood. These changes in grain size are an important factor in the prediction ( eq. 
5.2). 

2.0- 10 
-Observed dune height 

-a- Equilibrium dune height 
1.6 (van Rijn 19B4) 8 

g -fr- D50 of transportable material 

.::: 1.2 s~ 
E 

Cl .s 'Ql 
.c 0 

~ 0.8 40' 
::I 
c 

0.4 2 

0.0 0 
0 5 10 15 20 25 

Days (since first measurement) 

Figure 5.9: Influence on the prediction of equilibrium dune height of a hypothetical change in D5o of 
transportable material in the Bovenrijn (Section 2a) during the flood of 1998. 

During low flows possibly an armour layer is formed (especially around the 
Pannerdensche kop) (Kleinhans, 2002), or at least the gravel part of the distribution 
becomes less mobile than the sandy part. It is likely that the dunes which are present 
during low flows are composed of more sandy material than the bed material below the 
dunes (Kleinhans et al., 2002). During high flows the dunes will have more or less the 
same composition as the bed, transporting more gravel than during low flow. This 
expected change in the composition of the bedload material would imply a change in the 
equilibrium dimensions during a flood. This can be tested by introducing an hypothetical, 
but realistic, change in D50• A single equilibrium equation than has to apply for both high 
and low flow conditions. That means that during rising flow, the predicted equilibrium 
dune dimension have to be larger that the measured values, while during falling flows, 
the predicted dimensions have to be smaller, otherwise the dunes would not grow during 
rising discharges and shrink during the falling limb of a flood. Figure 5.9 shows that, as 
the D50 is varied between 1 and 3.3 mm, the equatiorl for predicting dune height by Van 
Rijn (1984) (Eq. 5.1.13, Appendix 5.I) indeed predicts lower than the observed values at 
low flows and higher during high flows. If such a variation in grain size was measured 
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during the floods, the new prediction model for dune height would only have needed one 
equilibrium equation and no threshold conditions to predict the changing dune height. 

5.4.3 The Waal near Druten 

During the formulation of the new prediction method, the development of the dune length 
in Section 3 appeared to be so different that it was decided to exclude it. The dune length 
of the large dunes, present only in the right half of the river (Chapter 4), does not change 
very much as the flow conditions change (fig. 4.2). The tests with the existing predictors 
in the review section also showed that none of the predictors predicted the observed dune 
lengths. However, what is the reason that the dune length of these large dunes does not 
changes ve1y much. 

Wilbers and Ten Brinke, (2003, Chapter 4) reported that due to the intensive shipping, 
the upper part of the bed in the left half (Southern) of the river in Section 3 is made of 
almost pure sand, while in the right half (Northern) the material is much more a mixture 
of sand and fine gravel (fig. 4.2). Fully loaded ships, going to Germany, travel only in the 
left half of the W aal, and thereby create additional turbulent currents that suck sandy 
material from between the groynes (Ten Brinke et al., 1999; 2003). This difference in 
grain size is echoed in the dune dimensions. In the left half only small dunes (excluded 
from this analysis) consisting of merely sandy material are present. These small dunes are 
probably strongly influenced, during both low and high discharges, by the additional 
currents created by shipping, which keeps their dimensions constant (Chapter 2, Chapter 
4). In the right half of the river large dunes are present, which consist mostly of a sand 
and gravel mixture. In the W aal near Dmten, groynes are found on both sides of the river, 
almost paired opposite each other, and spaced about 200 m apart. From the echo
soundings it was determined that when two groynes oppose each other, the increase in 
flow velocity caused by the narrowing of the flow creates a fixed "trough" between the 
groynes (Chapter 4). Because each pair of opposing groynes has such a "trough" the 
space for large dunes between two groyne pairs is limited. In a space of 200 m only 5 or 6 
dunes with a length of about 35-40 m can exist. If one dune grows in length, the other 
dunes have to become smaller to exist in this limited space. The average dune length will 
therefore remain almost constant, in spite of any change in flow conditions. Only in very 
low flows, when the dunes should have much smaller dune lengths, the actual dune 
lengths can decrease (as additional dunes are created within the available space). 
However, this low flow will have to persist for a very long time, because the large dunes 
will have to disappear first, which will take a long time during low sediment transport 
conditions. 

5.5 Conclusion 

The objective of the present analysis was to develop a method to predict dimensions of 
active dunes during unsteady, non-uniform flow conditions in the Rhine branches. A 
review of existing predictors showed that none of these could be directly used and 
therefore a new method was formulated. This new method incorporated the ideas on 
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reaction and relaxation (Allen, 1974; 1976a; 1976b), by using eq. 5.1 and 5.2 as its basis. 
However due to lack of measurement data on changes in grain size during flood events, 
the grain size had to be presumed constant. This resulted in the fact that not one 
equilibrium equation (eq. 5.2) but a set of two equilibrium equations had to be used, 
together with threshold values defining their use. The difference in the development of 
dune height and length also resulted in two different average adaptation constants, one for 
dune height and one dune length. 

Together these necessary adaptations to the generic method resulted in three calculation 
models (a set of functions, thresholds and adaptation constants) for the Rhine branches 
(Appendix 5.II). There is a calculation model for the dune height and one for the dune 
length applicable in Section 1 and 2. And there is a calculation model for dune height, 
applicable in Section 3. A comparison between the simulations of the models and the 
observations from individual flood events in individual sections showed that the models 
accurately simulate the trends of dune development, the moments of maximum dune 
dimensions, and the occurrence of superposition of secondary dunes. Even the actual 
dune height and length was simulated accurately several cases. 

The calculation models can therefore be used in future flood events to predict the dune 
dimensions in the three river sections used here. The basic method behind the calculation 
models should even make it possible to construct models for other parts of the Rhine 
branches or even to formulate a more general approach applicable throughout the Rhine, 
incorporating the grain-size as an additional parameter. 
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Notation 

V 

8' 
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kinematic viscosity 

particle mobility parameter 

roughness parameter 

Shields' parameter 

specific density 

water density [kgm-3
] 

bed shear stress [Nm-2] 

grain shear stress [Nm-2] 

critical Shields' parameter 
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h 
H/L 

k 
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T 

TC 
u 
Utop 

sediment density [kgm-3
] 

adaptation constant 

Chezy coefficient related to grains [ms-0
·
5

] 

type of dune dimension 

equilibrium dune dimension 

particle parameter 

dune dimension at t=O 

median grain size [m] 

grain size at 65 percentile [m] 

Froude number 

gravitational acceleration [ ms -2] 

dune height [m] 

water depth [m] 

dune steepness 

slope 

wave number [m-1
] 

dune length [m] 

time [s] (~t however is in days) 

particle mobility parameter 

temperature in Celsius 

average flow velocity [ms-1
] 

average flow velocity at dune crest [ms-1
] 
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Appendix 5.1 

Shinohara & Tsubaki (1959) 

Shinohara & Tsubaki (1959) created predictors for both dune height and dune length 
from their measurements in the Hii river. The predictors are valid in a range of 8' between 
0.05 and 0.3. Shinohara & Tsubaki (1959) reported these predictors as two diagrams and 
Van Rijn (1989) used regression analyses to extract these equations from both diagrams: 

H = 2.1 * h(e}2 
(5.I.l) 

L = 4.2 * h (5.!.2) 

e· = 
r' b (5.!.3) 

(Ps- p)gDso 

rb'=pg(~J (5.!.4) 

c' = 18lo{
12

h) 
D6s 

(5.!.5) 

with h =water depth [m]; 8' =particle mobility parameter; Ps =sediment density [kgm-3
]; 

p =water density [kgm-3
]; g =gravitational acceleration [ms-2

]; D50 =median grain size 
[m]; 'tb' = grain shear stress [Nm-2

]; U = average flow velocity [ms-1
]; C' = Chezy 

coefficient related to grains [ms-0
·
5
]; D65 =grain size at 65 percentile [m]. 

Tsuchiya & lshizaki (1967) 

Tsuchiya & Ishizaki (1967) created predictors for both dune height and dune length from 
theoretical stability analyses. 

H = h * Fr 2 * lo- )J + 2(1- 11)) (5.I.6) 

f3 = _!!_ about 0.9- 1.0 in Fr<<l 
utop 

u 
Fr= {ih 

k = 2Jr 
L 

Fr =~-fttanh(2kh) -~rfhtanh(kh) 

(5.!.7) 

(5.!.8) 

(5.!.9) 

(5.I.l 0) 

with Fr = Froude number; ~ = roughness parameter; Utop =·average flow velocity at dune 
crest [ms-1

]; k =wave number [m-1
]. 
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Alien (1968) 

Allen (1968) created predictors for both dune height and dune length from measurements 
in several flumes, rivers and estuaries. The predictors are valid in a range of h between 
0.6 and40 m. 

H = 0.086h119 

L = 1.16h!.55 

Van Rijn (1984) 

(5.I.11) 

(5.I.12) 

Van Rijn (1984) created predictors for both dune height and dune length from 
measurements in several rivers and flwnes. The predictors are valid in a range of T 
between 0 and 22 and ofh between 0.1 and 16 m. 

~ = 0.11( ~0 r3 

(1- e-O.ST x25- T) 

L = 7.3h 

T =(}-{}er 

(}er 

(} = __ __,rb'------
(Ps- p)gDso 

Tb = pghi 

(}er= f(D.) relations listed by Van den Berg & Van Gelder (1993) 

D = ((~ 1)g)t D 
* u2 so 

~= Ps 
p 

u = (1.14- 0.031(TC -15) + 0.00068(TC -15)2 )* 10-6 

(5.I.l3) 

(5.I.14) 

(5.I.15) 

(5.I.16) 

(5.I.17) 

(5.I.18) 

(5.I.19) 

(5.!.20) 

(5.!.21) 
with T =particle mobility parameter; 8 = Shields' parameter; 'b =bed shear stress [Nm-
2]; i = slope; Bcr = critical Shields' parameter; D. = particle parameter; ~ = specific 
density; v = kinematic viscosity; TC =temperature in Celsius. 

Appendix 5.11 

In all models below ~t is in days 
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Dune height around Pannerdensche Kop 

Initiation: 
measured height or eq. 5.1.6 

Rising Flood 
IfTb < 10 Then 

H(t) = HCI-ll + (1- e-0
.
1261 )(Hoo,t- Het-!)) 

with Hoo,t = eq. 5.1.6 
IfTb > 10 and 'fb > 13 (falling flood) Then 

H(t) = Hu_1l + (1- e-0
.
1261 )(Hoo,t- Hu-1)) 

with Hoo,t = eq. 5.!.13 
Falling Flood 

If 'fb < 13 Then 

H(t) = Hc1_ 1l + (1- e-0
.
12M)(Hoo,t- Hu_1l) 

with Hoo,t = eq. 5.1.6 
IfTb < 10 Then 

superposition 
with H(t) = Hoo,t (eq. 5.1.6) 

IfHIL < 0.01 Then 
primary dunes disappear and secondmy superimposed dunes become primary 

Dune length around Pannerdensche Kop 

Initiation: 
measured length or eq. 5.!.10 

Rising Flood 
Ihb < 10 Then 

L(t) = Lu-r) + (1- e-00561 )(Loo,t- Lu_1l) 

with Loo,t = eq. 5.!.10 
IfTb > 10 Then 

L(t) = Lu_1l + (1- e-0
.
0561 )(Loo,t- Lct-r)) 

with Loo,t = eq. 5.!.14 
Falling Flood 

IfH/L > 0.01 Then 

L(t) = Lu_1l + (1- e-a.osM)(Loo,t - Lu_1l) 

with Loo,t = eq. 5 .I.l4 
IfTb < 10 Then 

superposition 
with L(t) = Loo,t (eq. 5.!.10) 

IfH/L < 0.01 Then 
primary dunes disappear and secondary superimposed dunes become primary 
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Dune height near Druten 

Initiation: 
measured height or eq. 5 .I.11 

Rising Flood 
If1:b < 7 Then 

H(t) = Hu-lJ + (1- e-0
.
12

to.
1)(Hoo,t- Hc,_1l) 

with Hoo,t = eq. 5 .I.11 
If 'tb > 7 and 'tb > 7 (falling flood) Then 

H(t) = Hu-lJ + (1- e-o. 12to.t)(Hoo,t- Hc,_
1
l) 

with Hoo,t = eq. 5.I.13 
Falling Flood 
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If 'tb < 7 Then 

H(t) = Hct-1) + (1- e-o.l2to.t)(H"',t- Hu-1)) 

with Hoo,t = eq. 5.I.11 



Part 2 The hydraulic roughness of subaqueous 
dunes 

In part 2 of this thesis (Chapters 6 & 7) the main objective is the prediction of the 
hydraulic roughness caused by dunes using the characteristics of dune shape, size, and 
flow conditions. Dunes cause an increase in hydraulic roughness because they protrude 
from the bed into the flowing water, and because of their asymmetric longitudinal shape. 
The lee-side of a dune is so steep that the flow cannot follow it and separates from the 
bed. This flow separation creates large turbulent bursts in the flow which dissipate energy 
away from the flow thereby slowing it down. The amount of energy dissipation and thus 
the hydraulic roughness is probably related to the size and shape of the flow separation 
zone. In Chapter 6 this size and shape of the flow separation zone is therefore analysed in 
different conditions and for different bedforms. The relations between bedform shape and 
size and the shape and size of the flow separation zone are then used in Chapter 7. 

In Chapter 7 three existing predictors of the hydraulic roughness of dunes are adapted to 
incorporate new lmowledge on, a) which dune characteristics should be used, b) how 
grain roughness is to be treaded, and c) how to sum the hydraulic roughness of primary 
en superimposed secondary dunes. The adapted predictors are tested to assess if they 
perform better than the original predictors. Finally, a stepwise method is described to 
predict the hydraulic roughness in the Rhine branches. In Chapter 8, the results of part 1 
and 2 are brought together by combining the prediction methods of dune development 
and of hydraulic roughness. 
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6 Invariable flow separation zone 
characteristics at the lee sides of 
subaqueous bedforms 

Abstract 

At the lee-side of a subaqueous dune a flow separation zone exists, where large scale 
turbulence is created dissipating energy. It is therefore likely that the size and shape of 
this flow separation zone is directly related to the hydraulic roughness of the dune. To 
investigate which flow characteristics or dune dimensions influence the size and shape of 
the flow separation zone, measurements, previously reported in literature, were compiled 
and analysed. 

The results show that the shape of flow separation zones is independent of flow 
conditions and dune dimensions, as in streamwise direction the zero velocity line always 
has an angle of 10 ± 1 degrees. The size of flow separation zones is directly related to the 
height of the flow separation point, which usually coincides with the brinkpoint of a 
dune. However, on sinuous or low-angle dunes it is likely that the flow will separate at 
the point on the lee-side where the slope-angle exceeds 10 degrees. 

This chapter has been submitted to the Journal of Hydraulic Engineering. 
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6.1 Introduction 

Subaqueous dunes are present on the bed of many rivers. They form patterns of repetitive 
triangular undulations, several meters to hundreds of meters long and decimetres to 
meters high (Ashley, 1990), and form major roughness elements in open channel flow. 
This hydraulic roughness is caused by the generation of turbulence at the steep 
downstream side of the dunes. This lee-side of a dune is generally so steep that the flow 
is not able to adjust to the unfavourable pressure gradient caused by the changes in bed 
elevation and as a result separates, creating a flow separation zone (fig. 6.1; Buckles et 
al., 1984; Chang, 1970b). The amount of turbulence that is created in this flow separation 
zone is probably linked to the general flow conditions and the shape and size of the flow 
separation zone (Vanoni & Hwang, 1967; Engel, 1981; Komman, 1995; Yoon & Patel, 
1996). 

--------------1 -·-----.----~-----------~----r---

u 

-~ Stream line -----....., Zero stream line 
Figure 6.1: Example of the average flow over a dune (not to scale). The arrow lines indicate stream lines, 
while vertical lines show the location of velocity profiles. 

The most common dunes are shaped as depicted in fig. 6.2, a gentle stoss-side of a few 
degrees leading up to a dune crest. Then, from the crest going down, a gentle curve to a 
brinkpoint where the lee-side angle suddenly changes into the angle of repose. And 
finally, this steep slope slowly changes into a gentler slope near the bottom of the trough. 
In time averaged flows, a flow separation zone starts at the brinkpoint (separation point) 
which is created by this flow separation. Due to separl}tion, the flow shear at the bed 
becomes zero, which means bedload material can only ~ove further downstream if the 
critical internal shearing threshold is surpassed by gravity whereby the material 
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Figure 6.2: a) definition of the bed form characteristics. 
b) definition of the separation zone characteristics. 
c) detail of the upper part of a smoothly curving lee-side. 
In all three figures the vertical scale is exaggerated compared to the horizontal scale. 

avalanches down the lee-side creating a slope at the angle of repose (Van den Berg, 
1982). The flow reattaches again somewhere on the lower stoss-side of the next dune at 
the reattachment point (fig. 6.2b). Between these two points, averaged over time, a zone 
of upstream moving flow is present, and at the boundary between the downstream and 
upstream moving water (fig. 6.1), large scale turbulence is created (Raudkivi, 1963; 
Chang, 1970b; Vittal et al., 1976; Simpson, 1989; Kadota & Nezu, 1999). 

The size and shape of the flow separation zone is probably governed by flow conditions 
and dune characteristics, but it is not clear how. Many investigators (Yalin, 1964; Vanoni 
& Hwang, 1967; Vittal, 1972; Vittal et al., 1977; Engelund, 1977; Van Rijn, 1984) tried 
to predict the hydraulic roughness by using general dune characteristics instead of the 
size and shape of the flow separation zone. To a certain extent this approach may produce 
reasonable results (Julien et al., 2002). However, in view of the better representation of 
the hydraulics involved, it may be expected that introducing flow separation zone related 
dune characteristics will provide an improvement. Therefore, the purpose of the present 
analysis is to investigate which characteristics of flow, and which dune dimensions 
govern the shape and size of the flow separation zone. The analysis involved a 
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parameterisation of flow separation zones from published data on flow measurements 
over various bedforms and other obstacles in both flumes and rivers (Table 6.1 ). 
Table 6.1: Summery of the collected data sources. The bedforms are classified in 6 types, Backward step, 
Sinuous dune, Solid dune (dunes which are solidified forms of migration dunes, using glue, resin or 
cement, or artificial dune models with a more natural shape than Triangle dunes), Trench (not really a 
bedform but in shape similar to backward steps), Triangle dune (an artificial dune model with a triangular 
shape) and Migrating sand dune (dunes that are actively migrating downstream during the measurements). 
The abbreviations are used in fig. 6.4. 

Reference Abbreviation Location I test situation Data type Bedform type 

Etheridge & Kemp (1978) ek Flume Paper Backward step 
Kakagawa & Nezu (1987) nn Flume Paper Backward step 
Raudkivi (1963) r Flume Paper Backward step 
Buckles et al. (1984) bha Flume Paper Sinuous dune 
Bennett & Best (1995) bb Flume Digital Solid dune 
Kadota & Nezu (1999) !m Flume Digital Solid dune 
Raudkivi (1966). r Flume Paper Solid dune 
Vanoni & Hwang (1967) vh Flume Paper Solid dune 
Alfrink & Van Rijn (1983) ar Flume Paper Trench 
Kornman (1995) k Flume Report Triangle dune 
Lyn (1993) L Flume Paper Triangle dune 
McLean et al. (1994) mnw Flume Paper Triangle dune 
Rifai & Smith (1971) rs Flume Paper Triangle dune 
Van Mierlo & De Ruiter (1988) nn· Flume Repmi Triangle dune 
Vittal et al. (1976) vr Flume Paper Triangle dune 
Kostaschuk & Villard (1996) kv Lower Fraser River/Estuary, Paper Migrating sand 

Canada dune 
Johns et al. (1993) jsx Taw Estuary, England Paper Migrating sand 

dune 

6.2 Review of past research 

In the past, a great deal of attention was paid to the structure of flows over backward
steps, bedforms of various shapes and other obstacles, mostly in flume experiments, and 
sometimes in river or estuarine situations (Table 6.1 ). These measurements were done for 
various reasons: a) to study hydraulic roughness, turbulence structures, or fluid-sediment 
interactions over bedforms, b) to test new equipment or modelling techniques, and c) to 
investigate the relation between dune dimensions or flow conditions and the size of the 
flow separation zone. The results of these latter investigations are mentioned here to 
enable comparison with the findings of the study. 

6.2.1 Separation length versus dune dimensions 

According to several investigators, there is a strong Ji_elation between dune height and 
separation length (Engel, 1981; Yoon & Patel, 1996). Many report a separation length 
(L8), 3-5 times the dune height in case of dunes, and 5-10 times the height in case of 
backward steps. Several investigators therefore introduced the Dimensionless Separation 
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Length (DSL) as an almost constant quotient ofLs and He (LsiHc). Engel (1981) found a 
relation between the DSL and the form steepness (H/L), showing that the separation 
length of dunes (with the same height) decreases as the form steepness increases up to 
about 0.07 after that the DSL becomes constant at about 4.3 (fig. 6. 7b ) . 

6.2.2 Separation length versus flow and grain size 

Other investigations have found that the separation length is also related to flow 
conditions and to the grain size of the bedform material. Karahan & Peterson (1980) 
suggested a relation between the separation length and the Froude number (Fr). 

Fr=_!!_ (1) 
{ih 

where U = average flow velocity [m/s], g = gravitational acceleration [m/s2
], and h = 

water depth [m]. This was opposed, however, by Engel (1981) who showed that the 
relation of Karahan & Peterson (1980) was the result of the low Reynolds numbers (Re) 
during the measurements and not by the low Froude numbers. 

~=m m 
V 

where u =kinematic viscosity[-]. Engel (1981) and Kadota & Nezu (1999) demonstrated 
that in cases with solitary bedforms (which means that only one bedfonn is present in a 
flume, for example a backward step) and Reynolds numbers below about 20000, the DSL 
decreases with increasing Reynolds number, reaching a constant value of about 6.5 at Re 
> 20000 (fig. 6.7a). In cases with multiple bedforms (which means that repetitive forms 
are present, for example dunes), they showed that the DSL is about 4.5 at any Reynolds 
number. 

A relation between the DSL and grain size was reported by Engel (1981) and Yoon & 
Patel (1996), who showed that, in cases where the dune height remains constant, an 
increase in grain size results in a decrease of separation length (fig. 6. 7b ). This relation is 
physically based on the fact that small roughness elements create small-scale turbulence, 
dissipating energy, and thus hinder flow separation. In aeronautics, for example, this 
effect is used to prevent or control separation, by introducing small protrusions on 
airplane wings, preventing loss oflift Chang (1970a). 

6.3 Parameterisation of the flow separation zone 

The parameterisation of the size and shape of flow separation zones was primarily done 
by calculating (fig. 6.2b); the height of the separation point (Hs [m]), the height of the 
reattachment point (Hr [m]), the separation length (Ls [m]) as the distance between the 
separation point and the reattachment point; and the angle of the zero velocity line ( a,8). 

This zero-velocity-line connects the points between the separation point and the 
reattachment point where the time-averaged (minutes) flow is going neither upstream nor 
downstream (Ux = 0). Zero velocity points were determined from vertical velocity 
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Figure 6.3: The point of zero velocity is calculated from vertical velocity profiles by calculating a 
regression line through the three points nearest to the zero velocity. 
a) a typical velocity profile near the crest of a dune. 
b) a typical velocity profile in the separation zone. 
c) a typical velocity profile on the stoss-side of a dune downstream ofthe reattachment point. 

profiles that were measured and reported by previous investigations (Table 6.1 ). These 
velocity profiles were located in and around the flow separation zone (fig. 6.3), and the 
height of the zero velocity point was computed as follows: in every vertical velocity 
profile a linear regression line was drawn through the three measurement points closest to 
the zero velocity point. In vertical velocity profiles situated outside the region of 
separated flow (fig. 6.3a and c), these points were the lowest points, near the bed. In the 
region of flow separation (fig. 6.3b ), one of the three points had a negative velocity and 
two points a positive velocity. The height at which this linear regression line indicated a 
zero streamwise velocity was defined as the height of the zero velocity point (fig. 6.3b). 

In case of a vertical profile inside the flow separation zone, a zero velocity point is 
located above the bed, but outside this zone, zero velocity is always located at the bed 
surface. The method used here however produced virtual zero velocity points below the 
bed surface in regions outside the flow separation zone (fig. 6.3a & c). These virtual 
points are theoretically incorrect, but helped to determine the positions of the separation 
and reattachment points as these are points where the zero velocity coincides with the bed 
surface even in the calculation method used here. If a virtual zero velocity point just 
outside the flow separation zone is connected with a zero velocity point just inside the 
flow separation zone, the intercept of this line with the bed determines the position of the 
separation or reattachment point. 

Finally the angle of the zero velocity line was determined by representing this line as a 
straight line connecting separation and reattachment point and calculating the angle it had 
with the average bed surface (fig. 6.2b). 
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6.3.1 Data quality 

The quality of the data used in this study is expected to vary between the various sources 
(Table 6.1 ). Measurements came from flume experiments with a wide range of 
experimental setups and measurement equipment, or even from field measurements 
where accurate positioning of the measurement equipment is difficult. Some of the data 
was not even available as (digital) tables, but only as graphs, making accurate 
determination of zero velocity points difficult and diminishing the quality of the analyses. 
Therefore, the quality was classified as Sufficient, Good or Excellent, based on the 
average spacing between velocity profiles in the separation zone, the elevation above the 
bed of the lowest measurement point, the average distance between measurement points, 
and the quality of the measurement situation, equipment, and data presentation. The 
factor of the quality of the measurement situation, equipment, and data presentation was 
introduced to take into account unreliable equipment that was used in some cases, or the 
inaccurate representation of the data in the paper. 

0 
0 migrating sand dune 
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()solid dune 
0 triangle dune 

+ sinuous dune 
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Figure 6.4: The angle of the zero velocity line in all measurements plotted against the quality of the data 
(see table 6.1 for abbreviations). 

6.4 Results 

When the quality of the analysed data is taken into account, fig. 6.4 shows that the angle 
of the zero velocity line is constant and independent of flow condition and bedform type. 
The angle averages around 10 degrees(± 1 degree) and the variation decreases as the 
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Figure 6.5: Examples of the shape of the flow separation zone in case of: 
a) a solitary backward step. 
b) multiple solid dunes. 
c) a sinuous dune for a case without a free water surface. 
The points along the vertical lines represent examples of velocity profiles which were measured at every 
location marked at the top of each figure. The points along the diagonal lines indicate the zero-velocity 
points at each velocity profile location. The diagonal lines approximate the zero-velocity lines by 
connecting the separation point and the reattachment point. 
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quality of the measurements increases. The zero velocity line itself is almost straight or 
sometimes a little convex (or in cases without a free water surface concave). Two good 
examples of similar flow separation zone shapes in very different conditions are shown in 
fig. 6.5a and b, while fig. 6.5c shows a flow separation zone in a case without a free 
water surface. 

Figure 6.6a shows that the separation length is strongly related to the height of the 
bedform, but that there are different relations for solitary and multiple bedforms. These 
relations become stronger (fig. 6.6b) if not dune height is used but height of the 
separation point (brinkpoint height). The strongest relation (fig. 6.6c) is found between 
separation height and total separation length (tL3, fig. 6.2b), which is the length of the 
separation zone, if the zero velocity line is extended all the way to the horizontal plane 
(fig. 6.2b). In that case, the data related to the solitary and multiple forms clearly plot 
closely together and have only one relation, because it treats the multiple forms as 
solitary individuals by ignoring the stoss-sides of the next forms. 

The relations between DSL, Reynolds number, form steepness, and grain size are shown 
in fig. 6.7a & b. The present data analysis seems to support the relation between 
Reynolds number and solitary forms although there is much scatter (fig. 6.7a). The 
relations with form steepness and grain size are not reproduced by the present analysis 
(fig. 6. 7b ). 

6.5 Discussion 

The analysis of flow separation zones in this study indicates that the shape and size of 
such a zone only depends on the height of the separation point (brinkpoint). No other 
dune dimensions or any characteristics of flow influences the shape or size of the flow 
separation zone significantly. The strong relation between separation height and 
separation length (fig. 6.6), reported earlier and also found here, is directly caused by the 
fact that the angle of the zero velocity line is constant in any condition (fig. 6.4). The 
relation is stronger with separation height than with dune height because the separation 
point is also the point where the zero velocity line starts. The fact that two relations 
appear in figs 6.6a and b is not caused by any difference in flow separation between 
solitary and multiple form, but by the fact that with multiple forms, the zero velocity line 
is cut off early by the stoss side of a new bedform instead of going down all the way to 
the bottom. Both relations collapse into one if the total separation length is used because 
it treats all forms as solitary. 

The differences in Dimensionless Separation Lengths, between solitary and multiple 
forms, also appear when they are related to the Reynolds number (fig. 6.7a). However, 
the fact, reported by Kadota & Nezu (1999), that the DSL decreases as Reynolds 
increases (up to about 20000) has no major consequences in most situations especially in 
natural settings where Reynolds numbers are normally over 105

. 

The data points from this analysis in figure 6.7b do not!· show the relations between DSL 
and form steepness and grain size, as reported by Engel (1981). In the tests used in this 
analysis, the average form steepness (H/L) was higher than used by Engel indicating that 
his relations may hold for smaller values of form steepness but not for higher. Also, in 
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Figure 6. 7: a) relation between dimensionless separation length (Ls/H) and the Reynold's number. The 
original figure was created by Kadota & Nezu (1999), but the results of the present analysis have been 
added. Solitary forms are thereby represented as squares and multiple forms as diamonds, the grey filling 
indicating the quality of the data. The small squares and diamonds are the data points of Kadota & Nezu, 
(1999) and the lines are the relations they created. 
b) relation between dimensionless separation length (Ls/H) and fonh steepness (HIL). the original figure 
was created by Engel (1981), but the results of the present analysis have been added. Only the tests with 
multiple forms were used. The numbers beside each point show the dimensionless grain size (D50/H), and 
the lines show the relations created by Engel (1981). 
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most of the tests used here, no sand grains were glued to the solid forms, and therefore 
the value ofD50/H was 0 in many cases. However, it is also possible that Engel's relation 
between the DSL and the form steepness is strong because he only changed the dune 
length of his forms. By increasing the length, while keeping the height and angle of the 
lee face the same, he increased the space inside the trough creating forms that began to 
resemble solitary forms, which therefore had much longer separation zones. In his 
experiments Engel made the grains coarser relative to the dune height, which probably 
meant that the flow began separating not at the top of his forms, but progressively lower 
on the lee-side, due to small scale turbulence, thereby decreasing the separation length. 

6.5.1 Point of flow separation 

In the introduction it was stated that the most common dunes slope smoothly down from 
the crest to the knick of the brinkpoint, where the slope suddenly increases up to the 
angle of repose, which is about 30 degrees in sand. Therefore, most investigators assume 
that the flow separates at an angle of about 30 degrees and thus construct their artificial 
dunes with this 30 degree lee-side. However, in natural conditions dunes have been found 
that did not possess lee-sides with 30 degree angles (Kostaschuk & Villard, 1996; Best & 
Kostaschuk, 2002). This may suggest that flow separation did not occur along these 
dunes. However, these dunes did generate a hydraulic roughness, that was much higher 
than could be expected without a flow separation (Van den Berg & Van Gelder, 1998). 
This indicates that these low angle dunes might have some sort of semi-permanent flow 
separation, or that the flow separates at much lower angles than 30 degrees. 

In order to investigate these low-angle dunes with no flow separation but a higher than 
expected roughness, Best & Kostaschuk (2002) analysed the flow over a down-scaled 
model of such a low-angle dune from the Fraser River. They found no permanent flow 
reversal, only an occasional turbulent eddy shedding from the front of the dune, 
temporarily disturbing the flow. Therefore, they concluded that permanent flow 
separation does not occur over low-angle dunes but instead is replaced by a region of 
intermittent flow reversal which could explain the higher hydraulic roughness. 

On the other hand, on a curving slope (fig. 6.2c ), the flow may separate at any angle that 
becomes too high for the flow to follow. As the separated flow moves downstream at an 
angle of 10 degrees in the zero-velocity line, it is logical to assume that at the separation 
point, the angle of the lee-side slope is also about 10 degrees. This assumption is 
supported by Henn & Sykes (1999), who state that flow, over sinuous forms, separates 
when the form steepness (H/L) exceeds 0.05. A quick calculation shows that a sinuous 
form with a steepness of 0.06 or higher, has a point on its lee-side where the slope-angle 
exceeds 10 degrees. A point on the lee-side where the slope-angle exceeds 30 degrees is 
not present until a steepness of the sinuous forms exceeds 0.18, indicating the flow has to 
separate at a much lower angle than 30 degrees. The assumption of separation at a lower 
angle than 30 degrees is also supported by experiments of Formica (1955, in Te Chow, 
1959). Formica shows that the hydraulic roughness decreases as the angle of a sudden 
change in flow width decreases from 90 degrees to 14 degrees and that in case of 14 
degrees there is still some flow separation. 
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The tests used in this study, including those ofKostaschuk & Villard (1996) only showed 
a flow separation point at an angle higher than 25 degrees, not even if the forms had a 
curved lee-side, indicating that that the conclusions of Best & Kostaschuk (2002) might 
be more correct than the assumption of separation at 10 degrees. However, there are two 
possible objections to this premature conclusion. First, re-examining the measurements of 
Johns et al. (1993) and Kostaschuk & Villard (1996) suggests that they did not find the 
flow separation zone because they did not measure close enough to the bed. Some of the 
low angle dunes could have had a flow separation zone of a few decimetres high, 
assuming flow separation at the 10 degrees point. However, the flow-velocity 
measurements that were done never reached inside these zones because the lowest 
measurement point was always 0.5 m above the bed, far above the possible zero velocity 
line. 

A second possible reason that a flow separation point with an angle higher than 25 
degrees was found, could be in the size of the bedforms during the flume experiments. 
These bedforms were only centimetres to decimetres high, and the zone defined by the 
point where the lee side is 10 degrees, the zero velocity line and the point of 30 degrees 
(fig. 6.2c), is in such a case at most a few millimetres high. This is much too small to 
measure any flow velocity that might represent a returning flow. Possibly this size 
problem also prevented Best & Kostaschuk (2002) to find a pe1manent flow separation 
zone over their down-scaled low angle dune. The separation zone in their model situation 
would, if a separation angle of 10 degrees is assumed, only extend 3.4 millimetres above 
the bed while the vertical velocity profile at this location indicates that the viscous sub
layer would be about 2 mm high. The measurements inside this probable separation zone 
therefore show the flow behaviour of the viscous sub-layer instead of the turbulent 
regime above it. 

Reviewing all the indications and opinions, it is concluded that the flow separates at a 
slope-angle of about 10 degrees than at a higher angle, and that the idea that low-angle 
dunes only have intermittent flow separation is probably not correct. If the bedforms are 
measured in detail, and the flow separation point (in most cases the brinkpoint) is 
determined from these measurements, the shape and size of the flow separation zone can 
be calculated :fi·om the triangle between the separation point, the reattachment point, and 
the 10 degree angle of the zero velocity line. 

6.6 Conclusions 

The size and shape of the flow separation zone is governed by the height of the flow 
separation point, as the zero velocity line has a constant angle of 10 degrees (± 1 degree), 
independent of any difference in bedform characteristics or flow conditions. In theory, 
grain size may have some influence on the height of the flow separation zone because at 
large grain sizes, small-scale turbulence is created which results in a lowering of the 
separation height, but this was not shown by the results of the analysis. 

The flow separation point is probably located at that point oh a lee-slope where the angle 
of the slope exceeds 10 degrees. On dunes, this point normally coincides with the 
brinkpoint, where the loss of flow shear results in avalanching material, creating a break 
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from a gentle to a steep slope. The fact that in some investigations no permanent flow 
separation zones were found on low angle dunes was probably caused by measurement 
and scaling problems. Therefore the assumption that low-angle dunes only have 
intermittent flow separation causing hydraulic roughness is probably incorrect. 
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Notation 

medium grain-size [m]. 
Froude number [-] 
gravitational acceleration [ ms -2] 

dune crest height [m] 
water depth [m] 
dune height [m]. 
dune crest height [m]. 
height of reattachment point [m]. 
height of separation point [m]. 
dune wavelength [m] 
separation length [m]. 
Reynolds number [-] 
total separation length [m]. 
average flow velocity [ms-1

] 

flow velocity in x-direction [ms-1
] 

angle of the zero velocity line [0
]. 

kinematic viscosity [-] 
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rrts 7 Predicting the hydraulic roughness of 
subaqueous dunes. 

Abstract 

The main part of the hydraulic roughness of a riverbed is determined by the size and 
shape of subaqueous dunes. This may be the reason that many hydraulic roughness 
predictors have been proposed, which use the dune height and length being the most 
prominent features of dune morphology. However, several investigators have suggested 
that the predictions could be improved by accounting for: 1) grain roughness, which is 
only present in the areas outside the flow separation zone, 2) height of flow separation 
(the brinkpoint height) instead of dune height, 3) the roughness of secondary dunes, if 
existing, in proportion to their abundance. In this study no new predictor is developed. 
Instead, three well lmown roughness predictors are adapted taking into account these 
three factors. These adapted predictors are tested with a dataset consisting of both flume 
and field measurements. The results show that the adapted predictors perfmm much 
better than their original forms. Especially over-prediction in low roughness situations 
and under-prediction in high roughness situations is improved significantly. The results 
also show that summing ks values of grain roughness, form roughness, and superimposed 
form roughness, as assumed by Van Rijn (1984) is inconect. A recalibration of the 
predictor ofVanoni & Hwang (1967), which was the best of the three selected predictors, 
performed only marginally better than the adapted one, meaning that either one can be 
used in the prediction of hydraulic roughness caused by subaqueous dunes. 

This chapter will be submitted to the Journal of Hydraulic Engineering. 
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7.1 Introduction 

The hydraulic roughness of a riverbed is one of the most important and least known 
parameters in any flow model, especially in cases where the riverbed is covered with 
bedforms of many shapes and sizes. In those cases, predicting water levels during severe 
floods, poses a challenge for many engineers. Being able to accurately calculate the 
hydraulic roughness caused by bedforms would therefore mean a vast improvement in 
many flow models. 

Hydraulic roughness is a measure that describes the amount of friction that an obstacle 
exerts on the water flowing over or past it. It is normally expressed in the roughness 
coefficients f or C defined in: 

U=ffJRi: =C)Ri: (7.1) 

with; U =average flow velocity [ms-1
], g =gravitational acceleration coefficient [ms-2

], R 
=hydraulic radius [m], ie =energy slope[-], f = Darcy-Weisbach friction factor[-] and C 
= Chezy coefficient [m0

·
5s-1

]. The friction factor f was first used to describe the energy 
loss in pipe flow: 

L U 2 

h = f _!!___ (7.2) 1 D 2g 

where: hr = energy loss [m], Lp is length of the pipe [m] and D = pipe diameter [m]. 
Introducing the hydraulic radius of a pipe R = Y4 D and the energy slope ie = hr/L, eq. 7.1 
is seen to be obtained, which also applies to open channel flow. Substitution of eq. 7.1 in 
the bed shear stress expression 't = pgRie gives: 

T = t fpU 2 = ~2 pU2 
(7.3) 

with; 't = boundary shear stress [Nm-2
] and p = fluid density [kgm-3

]. This boundary shear 
stress can be divided into a stress related to the grains and a stress related to the 
bedforms. Therefore, it is also possible to express the hydraulic roughness in a separate 
hydraulic roughness for the grains of a riverbed and for the bedforms that cover the 
riverbed. 
r = r'+r" gives f = f'+ f" (7.4) 

where 't1 = shear stress related to grains [Nm-2
], 't11 = shear stress related to bedforms [Nm-

2], f' = friction factor related to grains [-] and f" = friction factor related to bedforms [-]. 

The hydraulic roughness of grains has been studied extensively in the past. One of the 
first was Nikuradse (1933), who studied the hydraulic roughness of pipes covered on the 
inside with grains of different sizes. He expressed the hydraulic roughness as ks, the 
Nikuradse roughness height [m]. For a hydraulically rough bed the relation between ks 
and the Chezy coefficient, according to Colebrook & White (1937), is: 

C=18logC~:J (7.5) 

Many investigators tried to identify the relation between grainsize and ks, and the results 
were rather unequal. Based on data of various sources, the average values for plane bed 
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conditions are best represented by (Van Rijn, 1984; Kleinhans & Van Rijn, 2002): 
ks = 3D90 in case of a sand-bed river. (7. 6) 

ks = lD90 in case of a gravel-bed river. (7.7) 

where Dgo =the 90 percentile of the grainsize distribution [m]. 

Defining the hydraulic roughness of bedforms is even more difficult than with only 
grains, as is demonstrated by the large number ofbedform roughness predictors that were 
created in the past. Methods proposed by Yalin (1964), Vanoni & Hwang (1967), Vittal 
(1972), Vittal et al. (1977), Engelund (1977), White et al. (1979), Brownlie (1981) and 
Van Rijn (1984), all tried to relate flow and bedform characteristics with the hydraulic 
roughness, with various success. In a later section, a more detailed description of some of 
these predictors is given. 

Assessments by for example, Van Urk (1982), Ogink (1989), and Julien et al. (2002) of 
the quoted bedform roughness predictors resulted in very diverse and mostly unsatisfYing 
results. One of the issues that was recognised as being a problem in most predictors is the 
way in which grain roughness, as part of the total roughness, is determined. Not only did 
each investigator use a different method of calculating this grain roughness, but in most 
cases it is assumed that the grain roughness is the same as in a case with no bedforms. 
However, both Yalin (1964) and Ogink (1989) realized correctly that grain roughness 
will be zero in the region of flow separation and Ogink also showed, using test results of 
Van Mierlo & De Ruiter (1988), that outside the flow separation zone the grain 
roughness is not constant either. Only near the top of a bedform, the shear stress reaches a 
value that is similar to flat bed situations. Over the stoss-side of a bedform the shear 
stress and thus the grain roughness slowly increases. 

However, in case of large bedforms such as dunes the grain roughness represents only up 
to a few percent of the total hydraulic roughness. The largest part of the hydraulic 
roughness is related to the size and shape of the bedforms. Therefore, in most cases the 
bedform roughness is directly related to the bedform height. Some investigators on the 
other hand, realized that bedforms can also have a more symmetrical shape with lee-sides 
that do not reach a slope near the angle of repose. Vanoni & Hwang (1967) and Chang 
(1970) therefore proposed a correction coefficient called the exposure parameter, while 
Ogink (1989) and Komman (1995) proposed the use of the effective dune height instead 
of the maximal dune height. Finally, Wilbers (Chapter 6) showed that this effective 
height, or the brinkpoint height as it can also be called, is in accordance with the height of 
the point of separation, which obviously is the best choice of height to be linked to the 
size and shape of the separation zone. 

A final issue which complicates accurate calculations of the hydraulic roughness of dunes 
with existing predictors is the superposition of different-sized bedforms on top of each 
other. Superposition is mainly present in river settings and sometimes in flume situations. 
Most investigators ignored this superposition, but Ogink (1989) clearly showed that in 
case of superposition the hydraulic roughness is larger than can be expected of only the 
largest bedforms. It is, however, unclear how to account for these superimposed 
bedforms. Some investigators (Van Rijn, personal communication) proposed to simply 
calculate the roughness of these secondary form in the same way as is done with the 
primary ones and than add this roughness as a third friction factor. Others, especially 
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Ogink (1989), argued that as the larger forms are not totally covered with smaller forms 
the bedform roughness of the superimposed forms should be added only by a fraction, 
based on their spatial abundance. 

In order to calculate the hydraulic roughness in the best way, a predictor should take into 
consideration that; (1) grain roughness is only of influence in the regions outside the 
separation zones; (2) the brinkpoint height or separation height rather than dune crest is 
linked to form roughness; (3) the roughness of superimposed bedforms should be added 
in accordance with their spatial abundance. In a first approximation, existing predictors 
will be used without major readjustments. In most formulas, probably only the empirical 
coefficients will need some readjustment but this can simply be done after a 
straightforward test has revealed which predictor is the best. 

The goal of this study therefore is to test in what way the predictive capabilities of the 
original roughness predictors improve in case adaptations are included for: a) grain 
roughness, b) brinkpoint height, and c) superposition (fig. 7.1). This analyses is executed 
using flume test data ofOgink (1989) and Kornman (1995) concerning solid dunes, flume 
test data of Van Enckevoort & Van der Slildce (1996) with regard to migrating dunes in 
both steady and unsteady flows, flow and bedform measurements in 4 sections of the 
Nile, and flow and bedform measurements in the Rhine near the Pannerdensche Kop ili 
the Netherlands. 

Superposition area Flow Brinkpoint 
~ height 

·~ 
•·. . ~.··, .· ... ---' . -. Ls . . .... height . · . " \ '·,, . ·, _____ ·) '•,, ' ' ,, __ _) ',, '' 

. - - . . 

Dune length 

Grain roughness area -< F!ow separation> 
zone 

Figure 7.1: Defmition of several dune characteristics, including the areas of superposition and grain 
roughness. Hb,s and L, are the brinkpoint height and dune length of the superimposed secondary forms. 

7.2 Measurement data 

To test the effect of the three adaptations to bedform roughness predictors, a dataset of 
measurements has to be available that meets the following conditions. 

• Accurate measurements have to be available in different settings with different 
flow conditions, both steady and unsteady, and with different bedform sizes and 
shapes including superposition. 

• The measurements have to include accurate characteristics of bedforms with 
special attention to brinkpoint height (separation height) both of the primary and 
secondary bedforms. 

• Furthermore the measurements have to inclu~e accurate flow characteristics 
necessary to calculate the total hydraulic roughness, which includes; flow velocity, 
water depth and water surface slope, or even better energy slope. 
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The measurements used in the dataset for this analysis consisted of both flume (Ogink, 
1989; Kornman, 1995; Van Enckevoort & Van der Slild<:e, 1996) and field (Nile and 
Rhine) conditions which all satisfy the above described requirements. As far as the 
authors lmow no other measurements have been reported in the literature so far that also 
comply to these requirements. So the analysis has to be performed with this dataset which 
is described in detail in the following section of this paper. 

The most comprehensive way to calculate the total hydraulic roughness is to solve the 
one dimensional momentum equation: 

__!__ au +~(u2 +h)+ uiui =O (7.8) 
g at Bx 2g p C2 Rb 

with U =the average flow velocity in a cross-section [ms-1
], hp= water level relative to a 

horizontal plane, Rb = the hydraulic radius [m] corrected for the side wall effects 
according to the method of Vanoni & Brooks (1957). From eq. 7.8 for steady flow the 
hydraulic roughness is given by: 

c = ___!!_____ (7.9) 
{RJ: 

The energy slope can be replaced with the water-surface slope (iw) provided that the 
velocity head does not vary in the measuring section. For a wide rectangular cross-section 
the adapted hydraulic radius can be substituted by the water depth yielding: 

C=__!!__ (7.10) 
JhC 

with h = average water depth [m] and iw =water-surface slope [-]. 

Test~TO -----/ 
H =0.08 m 

30' 
L-1.60m 

L=1.6Dm 

L=1.60m 

Hb,s=0.01 m 
Ls = 0.20 m 
_./ .... 

Hb,s=0.01 m 
Ls =0.10m 
/" 

L= 1.60 m 
Hb.s= 0.01 m 
Ls_..-'70.10m 

Test 0 T5~2 

Figure 7.2: Bedfonn configurations in the tests of Ogink (1989). 

7.2.1 Flume experiments 

L= 1.60 m 

Hb.s= 0.01 m 
Ls ~0.10m 

The flume experiments used in this study can be divided in tests concerning solid (made 
of wood or concrete) dunes and tests concerning migrating natural dunes in a sand bed. 
The tests over solid dunes were performed by Ogink (1989) and Kornman (1995), who 
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Table 7.1: Data on flow and bedform characteristics during the tests of Ogink (1989), Komman (1995), 
Van Enckevoort & Van der S1ikke (1996), and measurements in the Nile (Abdel-Fattah, 1997) and in the 
Rhine (Julien et al., 2002; Wilbers and Ten Brinke, 2003; Chapter 4). 
#in the flume tests by Van Enckevoort & Van der Slikke, Komman, and Ogink, Rb and le was used, in the 
other cases h and Iw. 
' abundance during falling stages of the flood otherwise no secondary dunes present. 

General Flow 

Test or 
Location 

TO 
Tl 
T2-1 
T2-2 
T2-3 
T3-1 
T3-2 
T4-l 

] T4-2 

0.55 
0.78 
0.76 
0.71 
0.74 
0.76 
0.80 
0.95 
0.93 
0.72 ~ T5-2 

Shape 1 
Shape 2 

. Shape 3 
Shape 4 

TestA 

TestE 

0.70 
0.69 
0.68 
0.67 

0.70 

0.85 
] TestD 0.39 
t: <1) Test D 0.49 
8 .;.; Test D 0.59 :>r;:s 
] El) Test D 0.68 
~ tu Test D 0.79 

J:I.l"Cl 
§ §. TestD 0.89 
> > TestD 1.00 

Aswan 0.53 
Quena 0.52 

~ ~ . Sohag 0.80 
<C & Bani-Sweif 0.70 

Rhine left 1. 7 5 
Rhine 
centre 

1.65 

Rhine right 1.75 

Rb or 
h [m] 

Primary dunes 

L 
[m] 

Secondary dunes 

H, 
[m] 

Hb,s 

[m] 
L, 
[m] 

0.32 0.0010 1.70 0.08 0.08 1.6 
0.32 0.0010 0.85 0.04 0.04 1.6 
0.32 
0.32 
0.32 
0.32 
0.32 

0.0010 0.85 
0.0010 0.85 
0.0010 0.85 
0.0010 0.85 
0.0010 0.85 

0.04 0.04 1.6 
0.04 0.04 1.6 
0.04 0.04 1.6 
0.04 0.03 1.6 
0.04 0.00 1.6 

0.01 0.01 0.2 
0.01 0.01 0.1 
0.01 0.01 0.1 
0.01 0.01 0.1 
0.01 0.01 0.1 

0.32 0.0010 0.85 0.04 0.00 1.6 
0.32 0.0010 0.85 0.04 0.03 1.6 
0.28 0.0010 0.85 0.01 0.01 0.1 
0.37 
0.48 
0.52 
0.55 

0.43 

0.41 
0.42 
0.42 
0.40 
0.40 
0.39 
0.38 
0.38 
5.1 
4.1 
4.2 
3.4 
9.8 

10.2 

10.7 

0.0004 0.25 
0.0005 0.25 
0.0007 0.25 
0.0008 0.25 

0.0014 0.25 

0.0016 0.25 
0.0004 0.25 
0.0006 0.25 
0.0006 0.25 
0.0011 0.25 
0.0013 0.25 
0.0018 0.25 
0.0025 0.25 
3.5e-5 0.70 
4.2e-5 0.37 
5.7e-5 0.58 
8.5e-5 0.82 
9.9e-5 11.3 

9.9e-5 9.8 

9.9e-5 11.6 

0.15 0.10 3.8 
0.15 0.13 3.8 
0.15 0.15 3.8 
0.16 0.16 3.8 

0.17 0.17 4.1 

0.19 0.18 6.3 
0.17 0.15 6.3 
0.17 0.16 6.5 
0.17 0.16 6.5 

0.03 0.02 1.7 

0.03 0.01 1.6 
0.02 0.02 0.2 
0.02 0.02 0.2 
0.01 0.01 0.3 

0.16 0.15 5.7 0.02 0.02 0.5 
0.16 0.15 5.7 0.03 0.03 1.6 
0.15 0.15 6.0 0.04 0.04 2.1 
0.15 0.14 6.5 
1.34 1.16 41.3 0.21 0.02 8.0 
0.64 0.49 20.9 0.17 0.01 7.3 
0.34 0.22 8.7 
0.33 0.21 6.5 0.17 0.07 2.8 
0.73 0.62 25.8 0.28 0.17 6.6 

0.78 0.66 25.0 0.27 0.17 7.0 

0.86 0.74 25.7 0.29 0.19 7.1 

A bun. 
[%] 

75 
75 
38 
75 
75 

18 

1 
89 
87 
85 
46 
13 
7 

6 
8 

23 
56 

41' 

38' 

both were trying to show the shortcomings of the existing roughness predictors. Ogink 
investigated three issues: 1) grain roughness should not be considered as constant over 
the full length of a dune, 2) using the effective dune height is a better characteristic than 
the crest height, and 3) the roughness of superimposed secondary forms should not be 
simply added to the hydraulic roughness of the primacy dunes. He therefore constructed 
11 different bedform configurations in a 50 m long and 1.5 m wide flume at the De 
Voorst Laboratory of WLIDe1ft Hydraulics. These configurations included flat bed, a bed 
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with ripples, beds comprised of dunes of different sizes and beds with dunes covered by 
ripples with different spatial abundance, see figure 7.2. 

Because of the constructed bedforms, the bedform characteristics were known precisely. 
The tests therefore consisted of measuring the discharge, water depth and energy 
gradient. Uniform flow conditions were created by forcing the slope control system of the 
flume to maintain an energy gradient approximately equal to the average bottom slope of 
1 o-3 by adjusting the tailgate under a preset discharge condition. The average flow 
velocity was known from the discharge, water depth and flume width while the water 
depth was measured as the average value of two pressure tubes located at 16,7 and 46,7 
m along the flume. To keep the measurements of Ogink comparable to the other 
measurements used in the present analysis, it was decided to ignore the measurements in 
water depths largeJr than 0.35 m (as proposed by Ogink) and in very small water-depths. 
The measurements by Ogink used here are presented in table 7 .1. The flat bed test has 
been omitted from this analysis. The total hydraulic roughness was calculated using eq. 
7.9. 

~]9" H = 0.15 m 
Hb= 0.098 m 

--===== 30" 

L= 3.75 m 

Figure 7.3: Bedfonn configurations in the tests ofKomman (1995). 

Kornman (1995), set out to show that lowering the brinkpoint height of a dune results in a 
lowering of the hydraulic roughness produced by this dune. He therefore put 4 different 
bedforms in the same 50m long and 1.5m wide flume as mentioned above. These 
bedforms were constructed in such a way that the brinlcpoint height started at 65% of the 
dune height and increased to 100% of the dune height while in the final test he eliminated 
the distance between the crest and the brinlcpoint (fig. 7.3 and table 7.1). As was the case 
with the tests by Ogink, the bedform characteristics of the constructed bedforms where 
know precisely and the tests therefore consisted of measuring the discharge, water depth 
and energy gradient. In this case the tailgate was adjusted in such a way that the required 
depth-averaged velocities were reached with the highest possible water depth above the 
dunes, resulting in water depths of about 0.8 0.9 m at 47.33 m down the flume. In these 
steady but non-uniform flow conditions, the energy slope was not the same as the average 
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bottom slope (which was 1 o-3
) and therefore the total hydraulic roughness was calculated 

with eq. 7.9. 

For the tests by Kornman an additional remark has to be made about the grain roughness. 
Contrary to the tests by Ogink, Kornman only glued sand, with a median diameter of 250 
~-tm, to the middle 3 dunes in the flume, the other 10 dunes in the flume were left bare. As 
the total hydraulic roughness is calculated over the full length of the flume it is not 
correct to assume a constant grain roughness over all the dunes. Because of this, it was 
assumed in the further analysis that the grain roughness during these test was zero. 

The flume experiments over migrating natural dunes in a sand bed were performed by 
Van Enckevoort & Van der Slikk:e (1996). They aimed at getting a better insight in the 
hydraulic roughness of different shaped dunes. The tests were performed in the same 
flume at the De Voorst Laboratory ofWLIDelft Hydraulics, which was now narrowed to 
a width of 1.0 m. The bed of the flume was covered with a layer of sand with a median 
diameter of 200 ~-tm (Fig. 7.4), which was automatically recirculated. The tests were 
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Figure 7.4: Grain-size distribution of the sand in the flume during the tests of Van Enckevomi & Van der 
Slikk:e (1996). 

divided into two parts, steady flow experiments and unsteady flow experiments. In the 
steady flow experiments the flow velocity was held constant at about 0.7 ms-1 (test A) 
and about 0.9 ms-1 (Test B). During the unsteady flow experiments (Test D) the flow 
velocity was varied in steps of 0.1 ms-1 increasing and decreasing between 0.4 and 1.0 
ms-1

. In all experiments, the water depth was held at a constant value of about 0.5 m by 
adjusting the tailgate, resulting in non-uniform flow conditions in the flume. During the 
steady flow experiments the measurements started only after the Chezy value remained 
more or less constant for the current flow velocity (table 7.1). In the unsteady flow 
experiments the flow velocities were held almost constant for only short periods to 
perform the measurements, without waiting for the Chezy value to become constant also. 
Both bed and flow characteristics were measured using a carriage that could 
automatically move up and down the flume. From this carriage a water profiler and three 
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bottom profilers measured the water surface and bed elevation at intervals of 1 cm. The 
three bottom profilers were positioned at 20, 50 and 80 cm, and the water profiler at 50 
cm from either side of the flume. In this analyses only the information of the profilers at 
50 cm were used. Using these measurements of the bed elevation and water-surface 
elevation along with the known discharge, the average water depth, flow velocity and 
water surface slope could be accurately determined. Moreover, the gathered information 
was also accurate enough to calculate the energy height, and deduce from this the energy 
slope. However because of the non-uniformity of the flow conditions along the flume, the 
dune dimensions, flow velocities and energy slope changed over the length of the flume. 
Figure 7.5 shows the flow velocities and energy heights along the flume for one of the 
tests. The flow velocities are clearly related to the bed configuration and the flow velocity 
slope is, along with the dune characteristics, therefore divided into three sections where it 
is markedly different from the overall velocity slope. This non-uniformity of the flow 
results in a non-linear energy slope over the length of the flume, therefore the energy 
slope is approximated separately for the three sections. In the calculations of the 
hydraulic roughness (eq. 7.9) the energy slope of the section with the most common dune 
size and shape was used. 

0.98 

Section 3 Section 2 Section 1 

rAt> Energy height (upper) or EE Flow velocity (lower) 
0.96 i~ 

Overall slope 
.~~ 

Section slope ru E .c, 
,.,~ 

0.94 ~ 1 
w 

0.92 

l 0.8~ 

£ g 0.7 
g! 
~ 0.6 0 

"' 
0.5 

50 45 40 35 30 25 20 15 10 
Position in flume (m) 

Figure 7.5: The non-linear energy height and velocity slopes in one of in the tests of Van Enckevoort & 
Van der Slikke (1996). Due to non-uniform flow conditions resulting in differences in dune size along the 
flume, the velocity slope can be divided into 3 sections with slopes that differ from the overall slope. Along 
with this the energy slope can also be divided into 3 sections to approximate its non-linear shape. For this 
example the second section was used as the dominant part, and flow velocity, energy slope, and bed f01m 
characteristics were detetmined from this section. The average sand bed height was about 40 cm above the 
bottom of the flume. 

The bedform characteristics of both primary and secondary forms (where present) were 
determined using the computer program DT2D (see Chapter 4 for further details). This 
program determines the dune height (difference betwee.Q. crest and trough elevation), 
length (distance between troughs on stoss and lee-side), lee and stoss-side slope of every 
individual dune in the centre profile of the flume. It is also used to determine the height 
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of the brinkpoint of a dune. This is done by locating that point on the lee-side of a dune 
where the slope becomes larger than 10 degrees. According to Wilbers (Chapter 6), a 
steeper slope than 10 degrees will initiate flow separation and therefore this point is the 
best location to use as the effective or brinkpoint height. In most natural dunes the point 
of flow separation is located at the brinkpoint where the loss of shear velocity and 
deposition of transported sediments induces avalanching of material down from this 
point, creating the characteristic lee-side slope at the angle of repose. If no point can be 
determined where the lee-side slope is more than 10 degrees, it is assumed that the flow 
did not separate and that the effective height of this dune was zero. The accurate 
determination of the brinkpoint is however strongly dependant on the measurement 
resolution. Just as is the case with dune height or length (Chapter 3), a low resolution can 
result in large errors in brinkpoint height. The distance between dune crest and dune 
trough is small compared to the total dune length. Therefore, determination of the point 
where the lee-slope exceeds 10 degrees requires very detailed observations (a high 
measurement resolution). In the flume tests of Van Enckevoort & Van der Slikke (1996), 
the bed was measured at intervals of 1 cm. So the resolution was high enough even for 
the accurate detennination of the brinkpoint height of the superimposed dunes. For the 
three tests that were used in this analysis, the dune characteristics as determined with 
DT2D are summarized in table 7 .1. 

7.2.2 Field measurements 

Two sets of useful field measurements were available for this analysis: ( 1) consisting of 
measurements done at four locations in the Nile (Egypt) in 1997, reported by Abdel
Fattah (1997; Abdel-Fattah et al., 2003) and (2) consisting of extensive measurements 
during a large flood in 1998 in the Rhine (The Netherlands), reported by Julien et al. 
(2002) and Wilbers & Ten Brinke (2003, Chapter 4). In the Nile, at each of the four 
locations (table 7.1) the local water surface slope was determined by measuring the water 
level at two points about 1 OOOm apart. The discharge was acquired from local gauging 
stations, while the local water depths and the flow velocities (propeller type current
meters) were measured at 4 to 6 location over the width of the river directly above the 
longitudinal profiles. The flow conditions were assumed to be uniform over the short 
distances and steady during the short time intervals, therefore the total hydraulic 
roughness was calculated using eq. 7.10. The bed was measured at each location by 
making 4 to 6 longitudinal profiles of at least 100 m length using a single-beam echo
sounder. These longitudinal profiles where recorded on paper (Van Rijn, pers. comm.), 
and subsequently digitized for analysis with DT2D. Using the program DT2D, the dune 
length, height, and brinkpoint height of each primary and secondary dune in the profiles 
was determined (table 7.1 ). The resolution of the analysed profiles was about 1 point per 
meter, meaning that the brinkpoint heights of the primary dunes were probably 
determined accurate enough, while the accuracy of the brinkpoint height of the secondary 
dunes is questionable. 

The measurements in the Rhine were done in order to ~alculate the bedload transport in 
the Rhine near Pannerdensche Kop using the dune tracking technique. Over a period of 3 
weeks a series of twice daily multi-beam echo-soundings were performed of the bed of 
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the Rhine along with flow velocity measurements across the river using ADCP
equipment (Acoustic Doppler Current Profiler). The water surface slope was determined 
from stage measurements at nearby automatic gauging stations spanning a section of 5 
km. The echo-sounding transects themselves had a length of 1 km and spanned the full 
width of the river. The dune characteristics of both primary and secondary dunes were 
determined using DT2D in longitudinal profiles spaced 1 m apart. In this case the 
resolution was about 1 point per 0.4 - 0.6 m. Therefore it can be assumed that for the 
primary dunes the brinkpoint heights were determined accurately, while for the small 
secondary dunes the determined brinkpoint height are questionable. All the gathered data 
were averaged to obtain values for the centre of the river and for the positions 67m (about 
a quarter of the river width) left and right of the centre (table 7.1). Assuming the flow 
was almost uniform and steady, at least during the time it took to perform one complete 
measurement, the total hydraulic roughness was calculated using eq. 7.1 0. 

7.3 Method of analysis 

The goal of this study is to test in what way the predictive capabilities of original 
roughness predictors improves in case adaptations are included for: a) grain roughness, b) 
brinkpoint height, and c) superposition. Therefore, in this section several existing 
predictors are reviewed and three predictors are selected for analysis. Also, the methods 
used to calculate grain roughness and the roughness of superimposed forms are 
described. 

As was shown in the introduction, many bedform roughness predictors have been created 
in the past (Yalin, 1964; Vanoni & Hwang, 1967; Vittal, 1972; Vittal et al., 1977; 
Engelund, 1977; Brownlie, 1981; Van Rijn, 1984). The roughness predictor by Brownlie 
simply ignores the bedforms and related the hydraulic roughness to flow using different 
empirical coefficients in cases with or without bedforms. Therefore this predictor is of no 
use in this analysis and is therefore ignored. 

Both Yalin (1964) and Vittal (Vittal, 1972; Vittal et al., 1977) tried to relate bedforms 
and hydraulic roughness with dune steepness (H/L), relative water depth (H/h) and the 
drag (Cd) or loss (a) coefficient. These last two coefficients were shown also to be related 
to dune steepness and relative water depth. 

f=f'+f"=fg(1-~ ctg(~))+4a~~ with a=F(;,~) (7.11, Yalin) 

where f g = plain bed friction factor and ~= angle of repose. 

f _ f' f" _ 0.0224 4C H . h C _ F(H H) - + - ( r + d Wlt d - , 
H..* .!5J,_ '* R X' L h L 
L ks e 

(7.12, Vittal) 

where ks = D6s of bed material [m] and Re = Reynolds number [-]. It is, however, 
unknown how these drag and loss coefficients are influenced by the brinkpoint heights or 
superposition of dunes. No information is available to recalibrate the functions for Cd or 
a according to these influences. Therefore these roughness predictors are excluded from 
this analysis. 
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Vanoni & Hwang (1967) and Engelund (1977) also created roughness predictors which 
relate the hydraulic roughness of bedforms to the dune steepness and relative water 
depths. 

I~/'+!"~ 181o~~ r [ 3.31og(;) -2.3 J (7.13, V anon; & Hwang) 

f -j' j"- Sg 10H2* ( 25H) - + - p2R ')+ - exp - . -
18log 20 " hL h 

65 

(7.14, Engelund) 

where Rb' = hydraulic radius of the same channel with a plane bed, which carries the 
same amount of water as the dune covered bed; so Rb' .:s:; Rb. They however did not use 
any drag or loss coefficients (Cd, or a) and the dune steepness and relative water depth 
can simply be replaced by Hb/L and Hb/h (Appendix 7.1). Both these predictors were 
therefore selected for this analysis. It should however be stated that the predictor of 
Vanoni & Hwang (1967) shown in eq. 7.13 is a secondary derivative of their original 
predictor. In their original predictor they used an exposure parameter to incorporate the 
differences in dune lee-side slopes in a similar way as is done here by incorporating 
brinkpoint height. However this exposure parameter is impossible to determine in field 
situations and therefore they also provided a simplified predictor which is used here. 

Finally, Van Rijn (1984) introduced the concept of splitting ks into a grain and bedform 
part, in the same way as was done for fin eq. 7.4: 
k =k '+k '' s s s (7.15) 
with ks' = Nikuradse roughness height for grains [m] and ks" =the roughness height for 
bedforms [m]. With this concept Van Rijn could then relate the hydraulic roughness of 
bedforms with only dune height and dune steepness and eliminate the relative water 
depth. 

ks = ks'+ks''= 3D90 + l.IH*(1-exp( -25~)) (7.16, Van Rijn) 

Later Van Rijn (1993) introduced a shape factor (y) into eq. 7.16 to attempt to counteract 
an inherent tendency for overprediction that was observed: 

ks = k, '+ks''= 3D90 + l.IHy * (1- exp(- 25 ~)) (7.17, Van Rijn) 

With only limited data at his disposal, he suggested a value y = 0. 7 for field situations. 
However, it is unclear how to define this shape factor other than calculating it 
empirically. Therefore, this shape factor was not used in this paper. Instead, in this case 
the dune height and steepness was replaced with the brinkpoint height and Hb!L 
(Appendix 7 .I), which give a better representation of the dune shape. This predictor was 
therefore also selected for the analysis in this paper. 

The grain roughness was calculated both with the original methods provided by the 
authors of the different roughness predictors and with the new method given in eqs. 7.6 
and 7.7. The original grain roughness predictors were applied over the full length of the 
dunes as was done by their authors, while eqs. 7.6 and 7.7 were only applied in the parts 
outside the flow separation zones. To also account for the steady increase in bed shear 

158 



b. 
r 

e 
e 
h 
e 
,f 
tl 
.e 
g 
d 

n 

>r 
>f 
~r 

et 

s. 
it 
>e 
'L 
:ts 

1e 
.6 
1e 
is 
ar 

stress from the point of reattachment to the dune crest, as suggested by Ogink (1989), 
was deemed impractical and therefore the grain roughness was considered constant over 
the stoss-side of a dune. To estimate the length of the separation zone and thus the 
proportion of grain roughness to the full length of a dune the observations of the analysis 
by Wilbers (Chapter 6) were used. Wilbers showed that from the point of separation a 
line can be drawn at an angle of 10 degrees and that the length of the flow separation 
zone is the distance between the point of separation and the point where this 10 degree 
line intersects the stoss-side. Simplified the separation length (Lsep [m]) can be calculated 
with: 

L = H 6 ( 18) 
sep tan(lOo) 7. 

and the proportion of grain roughness with: 
(L- Lsep) 

L 
(7.19) 

In order to account for the added hydraulic roughness of the superimposed dunes the 
same method is adopted as was proposed by Ogink (1989). The hydraulic roughness of 
these secondary dunes is calculated with the same adjusted predictors as used for the 
primary dunes. The only difference is that the roughness of the secondary dunes is 
applied for only that part of the primary dunes that is covered with the secondary ones. 
(Ns*LJ (7.20) 

Lprof 
where Ns =the number of secondary dunes in a profile[-]; Ls =the average length of the 
secondary dunes [m] and Lprof = the total length of the profile [m]. In cases where the 
secondary dunes totally cover the primaty forms (eq. 7.20 is 100%) it can be assumed 
that the primary dune does no longer have a separation zone of it's own and therefore the 
hydraulic roughness of this primary dune is zero. In those cases the dune-related 
hydraulic roughness consists only of the hydraulic roughness of the secondary dunes. The 
adapted predictors and a complete method for predicting hydraulic roughness using these 
predictors are listed in Appendix 7 .I. 

7 .3.1 Statistical analysis 

To check if the adapted roughness predictors of Vanoni & Hwang, Engelund and Van 
Rijn, combined with the new method of adding both grain roughness and the roughness 
of superimposed dunes, significantly improved the prediction of the total hydraulic 
roughness, two separate statistical method were used. First the Root Mean Squared Error 
(RMSE) was calculated for all the points in the dataset. 

1 N 
RMSE = - L(Pi -oiY (7.21) 

N i~! 

with N = number of datapoints, Pi = predicted roughness of point i and Oi = observed 
roughness of point i. RMSE defines how close the data points are distributed around a 
perfect prediction. The smaller the RMSE is the better the predicted roughness 
approached the measured roughness. RMSE can also be split into the sum of the bias (B) 
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and the variance (V) of the errors (pi-Oi). 

RMSE =.JB2 +V 

1 N 
B =-L (pi - oi) 

N i=l 

1 N 
V=- L((pi -oi)-B)

2 

N i=l 

(7.22) 

The bias describes how much the predictor on average over or under predicts the 
hydraulic roughness, while .._jv describes the standard deviation of the errors around the 
perfect prediction. In a perfect prediction all three measures, RMSE, B and .._Jv , will be 
zero. 

The second method of testing the adapted predictors is by linear regression. In a perfect 
case the regression of the predicted values against the observed values should result in: 
p=a+b*o (7.23) 
with a= the intercept being zero and b =the slope being 1. To get a realistic intercept that 
says how much the predictor on average over or under predicts (similar to the bias) the 
dataset was normalised in such a way that the observed values were evenly distributed 
around zero. The central observed roughness value was thereby defined as zero and 
subtracted from all other observed roughness values. 

7.4 Results 

The results of predicting the hydraulic roughness using both the original predictors of 
Vanoni & Hwang, Engelund and Van Rijn and the adapted predictors are shown in 
figures 7.6 to 7.8. The plots of predicted against observed roughness show that in the 
dataset f ranges from about 0.02 to about 0.12 and ks from about 0.01 to about 1 m. A 
visual comparison between the plots of the original predictors and the adapted predictors 
also shows a clear improvement in the predictions in case of the adapted predictors. In all 
three cases the scatter around the line of perfect agreement clearly diminishes. 
Statistically this is shown by al15 measures (table 7.2), thereby the ks values of the Van 
Rijn predictor have been recalculated into f values. Especially the RMSE and .._Jv 
strongly decrease while the regression slope (b) moves closer to 1. Except for Engelund, 
the Bias also decreases. The RMSE, Bias and .._Jv are however relatively much larger in 
case of the predictor of Van Rijn. 

The regressions of the predicted roughness against the observed roughness clearly show 
that the adapted predictors better predict the total hydraulic roughness especially in low 
and high roughness conditions, where all three original predictors respectively over- and 
under-predicted the hydraulic roughness. This effect can be shown even more clearly by 
using the results for two specific tests individually. In all three cases the data from the 
tests of Komman and of test D from Van Enckevoort & Van der Slildce show clear 
deviations from the line of perfect agreement in the; original predictors. The roughness 
with the data from Komman is generally overestimated, whereas with the data from test 
D it is mostly underestimated. The regression slopes are very low and ~,ometimes even 
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Figure 7.6: Predicted roughness versus observed roughness using the1 original (a) and the adapted (b) 
predictor ofVanoni & Hwang (1967). The larger diamonds in the cases from the Nile indicate the average 
values over the full width of the river. 
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Figure 7. 7: Predicted roughness versus observed roughness us\ng the original (a) and the adapted (B) 
predictor of Engelund (1977). The larger diamonds in the cases from the Nile indicate the average values 
over the full width of the river. 
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Figure 7.8: Predicted roughness versus observed roughness using the original (a) and the adapted (b) 
predictor of Van Rijn (1984). The larger diamonds in the cases from the Nile indicate the average values 
over the full width of the river. 
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negative, which indicates an opposite relation (table 7.3). With the adapted predictors the 
regression slopes increase strongly and in most cases approach the perfect value of 1. 
Table 7.2: Statistical results on all data points. The centre values for 1 and k, of all observed roughness 
values are 0.073 and 0.325 respectively. 

Formula version RMSE Bias '1/v slope intercept 

Vanoni and Hwang (1967) original 0.022 0.0061 0.021 0.57 0.0006 
adapted 0.017 0.0052 0.016 0.85 0.0038 

Engelund (1977) original 0.020 -0.0020 0.020 0.41 -0.0094 
adapted 0.018 -0.0089 0.016 0.64 -0.0132 

Van Rijn (1984) original 0.215 0.0913 0.195 1.66 0.2327 
adapted 0.160 0.0534 0.150 1.27 0.1121 

Table 7.3: Statistical results on the data points of test D and the tests by Kornman. The centre values for 1 
and k, of Test Dare 0.078 and 0.093 respectively, and for the tests by Komman, 0.042 and 0.047. 

Formula version TestD Kornman 
slope intercept slope intercept 

Vanoni and Hwang (1967) original 0.15 -0.0072 -0.32 0.0377 
adapted 0.44 0.0035 0.65 0.0063 

Engelund (1977) original 0.25 -0.0201 0.16 0.0213 
adapted 0.44 -0.0173 0.78 -0.0111 

VanRijn (1984) original 0.23 -0.0039 0.00 0.0143 
adapted 0.22 -0.0042 0.12 0.0117 

7.5 Discussion 

Adapting the hydraulic roughness predictors of Vanoni & Hwang, Engelund and Van 
Rijn (Appendix 7.I), by: 1) calculating grain roughness only in the regions outside the 
separation zones, 2) substituting dune height with brinkpoint height, and 3) adding the 
hydraulic roughness of superimposed dunes according to their spatial abundance, 
significantly improves the predicted total hydraulic roughness. It is not the overall 
prediction of the hydraulic roughness that is impressively improved, as the RMSE values 
are already low for the original predictors, but it is the direction of the regressions that 
improves strongly. This proves that the adapted predictors much less overpredict in low 
roughness conditions and much less underpredict in high roughness conditions compared 
to the original predictors. 

Overprediction in low roughness conditions occur most likely in situations where dunes 
have a small steepness (H/L). Those dunes are more symmetrical and have gentle lee-side 
slopes far below the angle of repose. Therefore, their dune height is much larger than the 
brinkpoint height (there may be no brinkpoint at all), resulting in the overprediction of 
the form roughness. This is clearly shown by the data from Kormnan. The original 
predictors result in equal roughness values for all four different bedform shapes, while 
the observed values shows an increasing roughness along with the increasing brinkpoint 
height. The adapted predictors use these lower brinkpoint heights for the first two dune 
shapes and thereby predict a much smaller dune roughness than the original roughness 
predictors. Especially with the adapted predictors ofVanoni & Hwang and Engelund this 
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Figure 7.9: Predicted roughness versus observed roughness using the original (a) and the adapted (b) 
predictor of Van Rijn (1984) but now with f=f'+f" instead of ks=ks'+ks''. 
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strongly improves the regression slopes (table 7.3). Clearly, using the brinkpoint height in 
stead of dune height for long, low, and maybe symmetrical dunes with gentle lee-side 
slopes, greatly improves the prediction of the hydraulic roughness. 

Underpredicting the hydraulic roughness in cases where the observed hydraulic 
roughness was high is probably closely connected to the occurrence of superposition. The 
original predictors ignore superposition and therefore do not account for this extra 
roughness part. A good example of this case is Test D by Van Enckevoort & Van der 
Slildce. The dunes in this test had brinkpoint heights which were only 5 % lower than the 
dune height so the influence of substituting the brinkpoint height was only small. 
However, during the low flow velocities in this test, the larger dunes were extensively 
covered with smaller dunes, while during the higher flows, the dunes were bare of any 
superimposed forms. The superimposed dunes covered on average about 75% of the 
larger dunes and therefore probably constituted a substantial added roughness. The results 
of the original predictors therefore showed a regression slope that strongly deviated from 
1 (table 7.3) as they predicted the roughness during high flows quite well, but 
underestimated the roughness during low flows. The adapted predictors again showed a 
strong improvement of the regression slope because now the predictions during low flows 
improved very much (fig. 7.6). Thus, adding the hydraulic roughness of superimposed 
bedforms in the proposed way (eq. 7.19, Appendix 7.1), greatly improves the prediction 
of the hydraulic roughness in cases where superposition is present. 

7.5.1 Summing ks 

The results from fig. 7.9 and tables 7.2 and 7.3 clearly show that adapting the predictor of 
Van Rijn does not improve the prediction very much. This is possibly caused by the 
incorrect assumption of Van Rijn (1984) that ks is simply a sum ofks' and ks" (eq. 7.15) 
as is the case with f (eq. 7.4). Summing the ks in the correct way clearly shows the 
falseness of this assumption: 
!=!'+ !" 
1 1 1 
-=-+
c2 C'2 C"2 

. 1 1 1/3 
using Strickler, statmg C::116 , hence: -C

2 
:: k, 

k, 

{ 

I 1/3 ll l/3 }' 
so:k,= (k,) +(k,) andnotk, =k, '+k," 

(7.24) 

It should however, be mentioned here that Van Rijn (1982) initially did not propose to 
sum ks' and ks", this was only later introduced (Van Rijn, 1984; Komman, 1995). Van 
Rijn (1982) suggested to only calculate ks' in case of flat bed, and ks" in case of a dune 
covered bed. In the latter case the ks' could be ignored as it would be only a small fraction 
of the total ks. 

To see if the assumption of summing ks is the basis of the bad improvement of the 
adapted Van Rijn predictor, the analyses was repeated. Now the individual ks' and ks" 
values were first converted into f' and f" values before summing them (eq. 7.24). Figure 
7.9 and table 7.4 show that the predictions of both the original predictor and the adapted 
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Table 7.4: Statistical results on a comparison between using ks=k/+ks'' or f=f'+f" in the method of Van 
Rijn (1984). The centre values for f and ks of all observed roughness values are 0.073 and 0.325 
respectively. 

Formula versiOn f=f'+f" k,=k,'+k," 

original adapted original adapted 

RMSE 0.033 0.031 0.215 0.160 
Bias 0.0265 0.0241 0.0913 0.0534 
-Yv 0.019 0.020 0.195 0.150 

All data 
slope 0.55 0.88 1.66 1.27 
intercept 0.0209 0.0235 0.2327 0.1121 

TestD 
slope 0.08 0.56 0.23 0.22 
intercept 0.0179 0.0306 -0.0039 -0.0042 

Kornman 
slope -0.25 -0.09 0.00 0.12 
intercept 0.0375 0.0193 0.0143 0.0117 

predictor are markedly improved relative to the centre values of the observed f and ks, in 
case of summing f. The RMSE, bias and ~V are much lower and the regression slope is 
much closer to 1. Table 7.4 also shows that the adapted predictor of Van Rijn in case of 
summing f is much better than the original version. The regression slope is closest to 1 of 
all the adapted predictors however the bias is very large stating that the hydraulic 
roughness is always overpredicted. 

14~====================~--~~ 

12 

10 

1 
-{F 8-

6-

4--

+ All data (excluding cases with superposition) 

- - - Original function Vanoni & Hwang 
1 f.L'Rb) {F ~3.3*1og \~ -2.3 

-- New function 
1 t.L*Rb) ..ff' =2.aa+o.o1es*CH;r 

100 
L*Rb 

~ 

1000 

Figure 7.10: Observed roughness of bedforms versus dune characteristics and water depth similarly to 
Vanoni & Hwang (1967). 
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7.5.2 Improving the Vanoni & Hwang predictor 

The result from the analyses with the predictors ofVanoni & Hwang, Engelund and Van 
Rijn show that the adapted predictor of Vanoni & Hwang performs best in predicting the 
hydraulic roughness. However this adaptation constituted a simple substitution of dune 
height with brinkpoint height. The empirical coefficients given by Vanoni & Hwang (3.3 
and 2.3 in eq. 7.13) were not adapted at all. This can however be done now using part of 
the dataset of this analyses. This part of the dataset constitutes of those measurements 
where no superposition occurred and only the brinkpoint height differed. As was done by 
Vanoni & Hwang the observed hydraulic roughness of the bedforms was calculated by 
subtracting the grain roughness (calculated with eqs. 7.6 and 7.7) from the observed total 
roughness, and this bedform roughness was plotted against RbL/Hb2 (fig. 7.10). A 
regression was fitted through the dataset which resulted in an improved predictor for 
bedform roughness: 

!"~[ 2.83+0.0~65*(~)J (?.2S) 

Fitting this regression showed that a quadratic function was much better (r=0.96) than a 
logarithmic function like Vanoni & Hwang (r=0.84). Table 7.5 shows that this improved 
predictor results in similar values for RMSE and ~V. The bias is somewhat larger but 
negative. But the regression slope improved to 0.9 for the whole dataset and 0.78 for the 
Kornman tests. For Test D the regression slope did not improve. This refitted predictor of 
Vanoni & Hwang thus performs only marginally better than the adapted version and the 
use of either one is acceptable (Appendix 7.I). 
Table 7.5: Statistical results on improving the predictor ofVanoni & Hwang (1967). The centre value for f 
of all observed roughness values is 0.073. 

All data TestD Komman 
Formula version RMSE Bias --./v slope intercept slope intercept slope intercept 

~ original 0.022 0.0061 0.021 0.57 0.0006 0.15 -0.0072 -0.32 0.0377 

& 
08 adapted 0.017 0.0052 0.016 0.85 0.0038 0.44 0.0035 0.65 0.0063 
·a..-.. 
ot-
@~ refitted 0.018 -0.0074 0.017 0.90 -0.0079 0.20 -0.0083 0.78 -0.0009 :>:::::-

7.5.3 Field situations 

In those cases where the dunes on the bed of a river are measured with high resolution 
measurements (for example using multibeam echosounders) it will be possible to 
determine accurately the brinkpoint heights of all the dunes and the spatial abundance of 
the superimposed dunes (if at all present). In some ca~,es, such high resolution data will 
however not be available, and than only dune crest height and dune length can be 
accurately determined. Without information on brinkpoint height and spatial abundance 
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Figure 7.11: Relation between the brinkpoint height as a proportion of the dune height and the dune height. 
The fitted functions were created after assuming that the points which plot beneath the lines can be ignored 
due to low measurement resolution. 

of superimposed dunes the three adapted predictors perform less well. However, the data 
from the flume experiments of Van Enckevoort & Van der Slikke (1996), and data from 
the Nile and Rhine may provide information on how to estimate both these factors from 
information on dune height en length. Figure 7.11 shows the relation between brinkpoint 
height and dune height for both the primary and secondary dunes from the flume 
experiments and the field measurements. There exists two distinct relations, one for the 
flume data and one for the field data. In a flume situation the brinkpoint appears to be 
closer to the dune crest than in a field situation. Secondly, it appears that the brinkpoint 
heights of small dunes (especially secondary dunes) are relatively smaller compared to 
the brinkpoint heights of larger dunes. However, as was explained above, the 
measurement resolution has a significant effect on the accurate detection of the 
brinkpoint. The measurement resolution in both the flume and field measurements was 
high, but not high enough to calculate the brinkpoint heights accurately. The brinkpoint 
heights of the small dunes are therefore probably underestimated. Therefore, in the 
creation of formulations to estimate the brinkpoint height from dune height as shown in 
fig. 7.11, the brinkpoint heights of the superimposed dunes were ignored, as were the 
smaller dunes in the field situations. For flume experiments this resulted in: 

Hb = 0.95 (7.26) 
H 

while for field situations: 

169 

~r, 

I .I 



Hb 
- = 0.78+0.1H 
H (7.27) 

can be used. 

Figure 7.12 shows the abundance of secondary dunes superimposed on a primary dune in 
relation to the dune steepness (H/L) of the primary dune. In this case there is also a clear 
distinction between relation for the flume data and for the field data. In the flume data the 
abundance of superposition decreases at a larger steepness than in field situations. For 
flume situations the abundance can therefore be estimated with: 

c;_, * LJ = o.ooi4(1J-l.
67 

(7.28) 
prof 

when H/L is larger than 0.02. For field situation the abundance can be estimated with: 

(Ns * L,) = 0.0014(1J-t.
41 

(7.29) 
Lprof 

when H/L is larger than 0. 0 1. 
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Figure 7.12: Relations between the abundance of superimposed dunes and the steepness of the primary 
dunes for both flume and field situations. 

7.6 Conclusion 

The results of the analyses that were performed show that adapting the hydraulic 
roughness predictors ofVanoni & Hwang (1967), Engelund (1977) and Van Rijn (1984) 
significantly improves the predicted total hydraulic roughness (Appendix 7.I), after 
introducing: 1) calculation of grain roughness only in the regions outside the separation 
zones, 2) substitution of dune height with brinkpoint height, 3) the addition of the 
hydraulic roughness of superimposed dunes according to their spatial abundance. Not 
only the overall prediction is improved, but especially the predictions in cases where 
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brinkpoint heights are much smaller than dune heights, and in cases where the dunes are 
superimposed by smaller bedfonns. In those cases the original predictors over-, 
respectively underpredict the total hydraulic roughness. Therefore in many field 
situations where dunes come in various shapes and sizes and also superimposed on each 
other these adapted predictors are much more useful then the original ones. Even without 
recalibrating the coefficients of the Vanoni and Hwang predictor, which performed best 
in the analyses, the total hydraulic roughness of the bed can be predicted only on the 
bases of !mowing the average shape and size of the dunes and the grain size of the bed. 
With the help of high resolution echo-sounder equipment and computer programs such as 
DT2D the necessary shape and size characteristics of both primary and secondary dunes 
can be easily determined. 

The results also show that the assumption made by Van Rijn (1984), that ks values can 
simply be summed, is incorrect and should be avoided. Summing the roughness in the 
correct way (eq. 7.24) improves the predictions of both the roughness predictor made by 
Van Rijn and of the adapted predictor. Finally, the predictor of Vanoni & Hwang, was 
recalibrated into a refitted predictor for the hydraulic roughness of bedforms, 
incorporating the use of brinkpoint height instead of dunes height. It performed only 
marginally better than the adapted original predictor. Therefore, either form of this 
predictor can be used to calculate the total hydraulic roughness in a river with a bed 
covered with dunes (Appendix 7.I). 
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Notation 

p 
a 

~ 
y 
a 
A bun. 
b 
B 
c 
C' 

boundary shear stress [Nm-2
] 

shear stress related to grains 
shear stress related to bedforms 
fluid density [kgm-3

] 

loss coefficient [-] 
angle of repose 
shape factor of Van Rijn, (1993) 
regression intercept 
spatial abundance of superimposed dunes [%] 
regression slope 
bias 
Chezy coefficient [m0

·
5s-1

] 

Chezy coefficient related to grains [m05s-1
] 
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Ns 
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Chezy coefficient related to bedforms [m05s-1
] 

the drag coefficient [-] 
pipe diameter [m] 
50 percentile of the grain-size distribution [m] 
90 percentile of the grain-size distribution [m] 
Darcy-Weisbach friction factor[-] 
friction factor related to grains 
friction factor related to bedforms 
friction factor related to superimposed bedforms 
plain bed friction factor [-] 
gravitational acceleration coefficient [ ms -2] 

average water depth [m] 
energy loss [m] 
water level relative to a horizontal plane [m] 
height of dune crest [m] 
brinkpoint height [m] 
brinkpoint height of superimposed dune [m] 
height of dune crest of superimposed dunes [m] 
relative water depth [ -] 
dune steepness [-] 
water-surface slope [-] 
energy slope [-] 
Nikuradse roughness height [m] 
Nikuradse roughness height for grains [m] 
Nikuradse roughness height for bedforms [m] 
Nikuradse roughness height for superimposed bedforms [m] 
dune length [m] 
length of the pipe [m] 
total length of the profile [m] 
average length of the superimposed dunes [m] 
separation length [m] 
Root Mean squared Error 
number of datapoints 
number of secondary dunes in a profile [ -] 
observed roughness of point i 
predicted roughness of point i 
hydraulic radius [m] 
adapted hydraulic radius [m] 
hydraulic radius of the same channel with a plane bed 
Reynolds number [-] 
average flow velocity [ms-1

] 

variance of the errors 
standard deviation of the variance 
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Appendix 7 .I 

The prediction of the hydraulic roughness of the river bed, from measured dune 
characteristics can be done like this: 

1. Determine the flow, grain size and dune characteristics necessary for the 
predictors. Flow characteristics: water depth (h), and hydraulic radius (Rb). Grain 
size characteristics: 90 percentile of the grain size distribution (D90). Dune 
characteristics: dune length (L) and brinkpoint height (Hb) of both primary and 
superimposed secondary dunes. When the brinkpoint height cannot be determined 
from the field measurements it can be estimated with: 
Hb 
-=0.78+0.1H (7.I.l) 
H 

2. Calculate grain roughness. 
in the case of a sand-bed river (Dso:::; 0.002m) the grain roughness is: 

! ' = L - Lsep * 8 * g 
-------"'---------::-2 ( 7 .1.2) 

L [18log(~~~:J) 
while in case of a gravel-bed river (D50 > 0.002m) the grain roughness is: 

!'~ L LL'"'' '[181o:[~ )J (7.!3) 
Where g = gravitational acceleration coefficient, Rb = adapted hydraulic radius, L 
= dune length, Lsep = length of the separation zone, and D9o = 90 percentile of the 
grain size distribution. Lsep can be estimated with: 

L = Hb (7.1.4) 
sep tan(l Oo) 

where Hb = brinkpoint height. 

3. The form roughness of the primary dunes can be calculated with either: 

f"= [ 
1 J

2 

(7.1.5, Vanoni and Hwang, 1967) 3 .3log( R,;)- 2.3 
H, 

j"- [ 
1 J

2 

(7.1.6, recalibrated Vanoni & Hwang) 
- 2.83+0.0165*(R";) 

H, 

f"= 10 Hb 
2 

* exp(- 2.5 Hb) 
hL h 

(7.1.7, Engelund, 1977) 
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(7.1.8, Van Rijn, 1984) 

where h =water depth, and ks" = Nikuradse roughness height for dunes. 

4. The form roughness of superimposed secondary dunes can be calculated with 
either: 

f "= (N,. * L,.) *[ 
1 

:

2 

(7.!.9, Vanoni and Hwang, 1967) 
s Lprof 3.3log(RhL;)-2.3 

Hb,s 

(N * L) [ 1 :

2 

• . !,. "= s s * * RbL, (7 .I.l 0, recahbrated Vanom & Hwang) 
Lprof 2.83+0.0165 (-2 ) 

Hl>,s 

fs"= (Ns * L,.) *l0Hb,s2 *exp(-2.5Hb,s) 
Lprof hLs h 

(7.I.11, Engelund, 1977) 

J: "= ( Ns * L,.) * 8 * g 

s Lprof [ 181 (12Rb ))
2 

og A"' r,. 

with ( = 1.1Hb,s * [ 1- exp(- 25 ~·' ) ) (I12, Van Rijn, 1984) 

where fs" = friction factor related to superimposed bedforms, Ns = the number of 
secondary dunes in a profile, Ls = the average length of the secondary dunes, Lprof 
= the total length of the profile, Hb,s = brinkpoint height of secondary dunes, and 
ks"' = Nikuradse roughness height for secondmy dunes. When the abundance of 
the superimposed dunes cannot be determined from the field measurements it can 
be estimated with: 

(Ns * L,) = 1 ifH/L:::; 0.01 (7.1.13) 
Lprof 

(N,. * Ls) = 0.0014(HYI.
41 

ifH/L > 0.01 (7.1.14) 
Lprof L) 

5. The total hydraulic roughness of the river bed can then be calculated by: 

f = f'+ !"+ fs" or C =If (7.I.15) 
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8 Synthesis, application of the results and 
implications for future research 

8.1 Introduction 

Subaqueous dunes are prominent features on the bed of many rivers. They obstruct the 
flow, thereby increasing the water levels especially during floods, and they may hinder 
navigation on rivers at low flow stages. The development of these subaqueous dunes and 
their related hydraulic roughness have therefore long been important subjects in many 
river studies. Dunes have been observed in many rivers, from small to large, and with 
fine to coarse bed material (Gabel, 1993; Nordin & Perez-Hemandez, 1989; Dinehart, 
1989). From those observations the dune development was related to different flow 
characteristics (Shinohara & Tsubaki, 1959; Alien, 1978; Van Rijn, 1984) and the dune 
related hydraulic roughness appeared to be related to the dune dimensions (Van llijn, 
1984; Julien et al., 2002). Several researchers also recognised that there is a strong 
feedback loop (fig. 8.1) between the flow conditions, sediment transport and dune 
development in a river (Simons & Sentiirk, 1992; Best, 1993; Kleinhans, 2002). As the 
flow velocity increases, for example due to a flood wave, the sediment transport rates 
increases. This increase in sediment transport causes a growth in the dune dimensions, 
and because larger dunes have a higher hydraulic roughness, they slow down the flow 
velocity, decreasing the sediment transport. 

Dune development 

Figure 8.1: A visual representation on how the predictors formulated in Chapters 5 and 7 of this thesis fit 
into the feedback loop between flow conditions, sediment transport, and dune development. 

However, dune characteristics, flow factors, and sediment transport rates are difficult to 
measure in field situations, especially in medium to large rivers like the Rhine branches 
in the Netherlands (Kleinhans & Ten Brinke, 2001). Factors such as slope, bed shear 
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stress, and overall hydraulic roughness are difficult to ascertain during a flood wave in a 
large river, with a bed covered with large dunes and heavy shipping on the river. Only 
recently, technical innovations made it possible to measure dune characteristics with high 
spatial resolution using multibeam echosounding systems and to automatically process 
the large amounts of data from these measurements with computers (Ten Brinke et al., 
1999). Also the ongoing development of sophisticated flow models has provided the 
possibility of utilizing reliable predicted flow parameters (Van der Veen, 2002), instead 
of labour intensive and inaccurate parameters measured in the field. 

These improvements in measurement techniques and flow models make it possible to 
further investigate the dune development and related hydraulic roughness in field 
situations, which are the two objectives of this thesis. In accordance with these two goals 
this thesis is divided in two parts. Part 1 is focused on the influence of the flow on the 
dune development and of the dune migration on the sediment transport. Part 2 is mainly 
focused on the influence of the dunes on the flow through the hydraulic roughness. In the 
introduction of this thesis the following research questions were formulated: 

Part 1 

• How do sediment transport and dunes interact and how can the migration of dunes 
be used to calculate the bedload transport? 

• How do the dunes in the Dutch rivers change during the unsteady flow conditions 

Part 2 

and how can thes han es b edicted? ~ 

• What is the relation between dune shape and size, the dimensions of the flow 
separation zone, and the hydraulic roughness of a dune? 

• How can the hydraulic roughness of dunes be predicted with dune characteristics? 

• What is the cause of the superposition of dunes in the Dutch rivers and how does 
this superposition influence the bedload transport, dune development, and -
hydraulic roughness? 

The aim of this synthesis is to summarize the answers to these research questions and to 
discuss to what extent these answers are an improvement of previous work. A second aim 
is to assess how well the proposed prediction methods for dune development (part 1) and 
hydraulic roughness (part 2) can be combined. Finally, some suggestions are given for 
future research on the topics of dune development and hydraulic roughness. 

8.2 Conclusions of this thesis 

8.2.1 Bedload transport and migrating dunes 

The first research question of part 1 of this thesis is aqdressed in Chapter 3. It shows that, 
as was previously described by Alien (1965) and Bennett & Best (1995), the flow pattern 
over dunes is ve1y complex which results in complex pathways of sediment transport and 

178 



s 
i -

D 

n 
i 
if 

t, 
n 
d 

different interactions between sediment transport and the dune surface. Over the stoss
side of a dune, sediment transport is divided into bedload and suspended transport. But 
over the lee-side, where the flow is separated from the bed surface, sediment is either 
deposited in avalanches on the lee-slope, or transported in semi-suspension to the next 
dune, or it goes into or falls out of suspension. 

All these interactions play a role in dune migration and thereby influence the 
determination of bedload transport, which is called dune tracking. Several investigators 
(Van den Berg, 1987; Jinchi, 1992; Ten Brinke et al., 1999; Dinehart, 2002) have already 
shown that this dune tracking technique is a useful tool in field situations. However 
neither of them made a thorough assessment of the factors that influence the reliability of 
this technique in field situations. The analysis in Chapter 3 shows that factors such as 
measurement resolution, the calculation of a form factor, and suspended or semi
suspended transport of material over a dune are important in dune tracking. When 
precautions are taken, most of the factors mentioned in Chapter 3 can be assumed to be of 
negligible influence or appear to cancel each other out. Only the migration rate, dune 
height and the dune shape factor are parameters that have to be lmown accurately before 
the bedload transport rate can be calculated. 

It is shown that with detailed measurements of dunes, the bedload transport rate in a river 
can be determined accurately. However, in many cases it is desirable to lmow not only 
the bedload transport rate, but also the amount of suspended sediment and the grain-size 
composition of the transported material. In those cases, just as was done in the Rhine 
branches (Kleinhans & Ten Brinke, 2001; Kleinhans, 2002), direct measurements of both 
suspended and bedload sediment transport and dune tracking must be combined. 

8.2.2 Observed and predicted dune development 

The second research question is answered in Chapters 4 and 5. In . Chapter 4 all the 
measurements of dunes done in different Rhine branches are described and analysed. 
From these measurements the dune development in those branches is deduced and an 
analysis is made in how far and why the dune development differed in the various river 
sections. It is concluded that both the grain-size differences between the sections and the 
variable discharge distribution over the main channel and the flood plain are the major 
factors causing the differences in dune development. The differences in shape and 
duration of the flood waves appear to be of less importance. Also in Chapter 4, a first 
attempt of predicting dune development is made. In order to avoid the difficulties 
associated with hystereses only the information during rising discharges is used. The 
results show that during rising discharges the development of dune height, length and 
migration rate is related strongly to both the dimensionless bed shear stress and grain 
related shear stress. 

In Chapter 5 a method is presented that enables a satisfactory prediction of dune 
characteristics at any stage in the Rhine branches. This method is based on ideas of Alien 
(1976a, 1976b, 1976c), Freds0e (1979), and Van Rijn (1989). It consists of three different 
calculation models, one for dune height and one for dune length in the river sections near 
the Pannerdensche kop, and one for dune height in the river section near Druten. These 
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calculation models are transcribed in Appendix 5 .II. The calculation models have been 
calibrated with the average results from all available data, and they were tested against 
the data from individual floods in the same dataset. As compared to the existing methods 
of Allen (1976a), Freds0e (1979), and Van Rijn (1989), the advantage of the proposed 
new method is that it contains only one calibration coefficient (the adaptation constant) 
which is easily determinable from time series of dune dimensions and flow conditions. 
However, the new method has still one major drawback. Due to a lack of information on 
the grain-size composition of the bed during a flood wave, the grain-size could only be 
assumed constant. This constant grain-size however necessitated the introduction of 
several thresholds distinguishing between the different equilibrium predictors. As these 
thresholds are only valid for certain sections of the Rhine branches, in other sections new 
thresholds have to be defined. Better information on the grain-size composition during 
flood waves will probably improve the new prediction method and eliminate the need for 
defining these thresholds. 

8.2.3 The relation between flow separation and hydraulic 
roughness 

The first research question of part 2, "What is the relation between dune shape and size, 
the dimensions of the flow separation zone, and the hydraulic roughness of a dune?" is 
studied in Chapter 6. In this chapter measurements of the flow separation zone over 
various bedforms are analysed to investigate the relation between dune shape, flow 
condition, and the shape and size of the flow separation zone. This analysis follows the 
assumption made by several investigators, such as Vanoni & Hwang (1967), Engel 
(1981), Kornman (1995), and Yoon & Patel (1996), that the shape and size of the 
separation zone is directly related to the amount of turbulence that is formed in the flow 
and therefore also directly related to the hydraulic roughness of the dunes. 

The results of the analysis show that the size of the flow separation zone is strongly 
related to the height of the bedform, even more so than was assumed and described by 
Engel (1981) and Yoon & Patel (1996). Especially when the bedforms are viewed as 
solitary forms, then the length of the flow separation zone is 5.5 times the height of the 
point of separation. This can be explained by the fact that the zero velocity line, which 
connects the separation and the reattachment points, always has a constant angle of 10 
degrees (± 1 degree) independent of flow condition or bedform shape. This fact was 
never recognised before and implies that size and shape of the flow separation zone can 
be approximated from the height of the point of flow separation. On steep-sided dunes 
this point of flow separation coincides with the brinkpoint, while on low angle dunes and 
other bedform shapes the flow is shown to separate at the point where the angle of the 
bed exceeds 10 degrees. 
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8.2.4 Predicting the hydraulic roughness of dunes 

After analysing the relation between dune shape, flow separation and hydraulic roughness 
the final question of part 2 and the second goal of the thesis is considered in Chapter 7. 
Several predictors exist for the hydraulic roughness related to subaqueous dunes (Y alin, 
1964; Vanoni & Hwang, 1967; Vittal, 1972; Vittal et al., 1977; Engelund, 1977; White et 
al., 1979; Brownlie, 1981; Van Rijn, 1984). However, none of these predictors use the 
height of flow separation or the brinkpoint height as a major parameter. Most of them just 
use the height of the dune crest as an approximation. Moreover, none of these predictors 
considers superimposed dunes as a major factor contributing to the total hydraulic 
roughness. Although in most cases the grain roughness is considered as part of the total 
hydraulic roughness it is not taken into account that the grain roughness is negligible in 
the region of flow separation. Ogink (1989) showed that all these factors are of influence 
on the accuracy of predictions of hydraulic roughness. Following his ideas a new dune
related hydraulic roughness predictor might be constructed. However, due to a lack of 
flume and field data such a new predictor can not yet be established. Therefore, it is 
decided to use the predictors ofVanoni & Hwang (1967), Engelund (1977), and Van Rijn 
(1984) and replace the dune height in these predictors with brinkpoint height. 
Simultaneously, the way in which grain roughness and the roughness of superimposed 
dunes is accounted for in these predictors is changed. However, the empirical coefficients 
of the roughness predictors are not recalibrated. 

The results of testing these adapted predictors against a varied dataset from flume 
experiments and field measurements, reported in Chapter 7, show that using the 
brinkpoint height and adding the roughness of the superimposed dunes according to their 
abundance greatly improves the predictions. Especially in conditions with very low or 
very high hydraulic roughness the prediction improved significantly. It appeared that the 
adapted predictor of Vanoni & Hwang (1967) performed best of all. A recalibration of 
the empirical coefficients of this predictor did not further improve the results. The total 
procedure, of how to predict the hydraulic roughness in the Rhine branches, including the 
adapted equations, are transcribed in Appendix 7.1. 

8.2.5 Superposition of subaqueous dunes 

Although the issue of superposition of dunes is not considered separately in this thesis, it 
is shown to be relevant in almost every chapter. In Chapter 3 it is concluded that in case 
superimposed dunes are present in a river it is important to select the right dune type for 
dune tracking. In cases where the superimposed dunes cover both the lee and the stoss
sides of the primary dunes, the superimposed dunes should be used for calculating the 
bedload transport rate. In other cases either dune type will do for dune tracking. It is also 
concluded that superposition makes it more difficult to correctly determine the migration 
rates of the selected dune type, possibly reducing the reliability of the dune tracking 
technique. 

In Chapter 4 it is shown that superposition occurs in all sections of the Rhine branches. 
Near the Pannerdensche kop, superposition occurs during falling discharges as the 
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primary dunes lengthen and decrease in height. In the W aal near Druten superposition is 
always present as several dune sizes are present on top of each other. The reason how and 
why this superposition occurs in those sections is unclear but from Chapter 5 it can be 
concluded that at least near the Pannerdensche kop superposition is related to the 
hystereses in the development of primary dunes. In these sections, superposition occurs 
during the falling stages as the bed shear stress declines below 10 Nm-2

, and the primary 
dunes disappear all together when their steepness (H/L) reduces below 0. 01. The primary 
dunes obviously can not follow the fast decline in flow strength during the falling stages 
and therefore become inactive as small superimposed dunes take over (Chapter 4). 

Finally in Chapter 7 superposition is shown to be an important factor in predicting the 
total hydraulic roughness. Especially the abundance of superimposed dunes is important. 
When the primary dune is totally covered with secondary dunes, the hydraulic roughness 
of the primary dunes is no longer of importance, only the hydraulic roughness of the 
secondary dunes contributes to the total hydraulic roughness. Adding the abundance of 
the superimposed dunes to the calculation of the hydraulic roughness greatly improves 
the performance of the predictions, especially in conditions with high values for total 
hydraulic roughness. 

However, the question how and why superposition occurs remains. It is obvious that it 
occurs only when there is enough space and time to develop small forms on larger ones 
(Ashley, 1990), but it is unclear how the flow makes this possible. Stability diagrams 
(Chapter 2) suggest that in a particular combination of flow and grain-size, only one type 
of bedform can exist, and it should therefore be impossible to get other bedforms such as 
ripples on dunes. One possible explanation for superposition is that it occurs when the 
primary dunes become inactive due to hystereses (as described above; Chapters 4 and 5; 
Allen & Collinson, 1974). It is suggested that the dimensions of the primary dunes grow 
out of phase with the development of the flow during the falling stages of a flood and 
consequently these dunes cannot be supported anymore. These dunes will become lower, 
longer, more symmetrical, and their migration rate decreases as they become inactive. 
The bedload transport activity is than taken over by new, smaller secondary dunes that 
develop on top of these disappearing primary ones. These secondary dunes cover the 
complete primary dune including their lee-sides. 

However, there has to be a second possible explanation for superposition because in other 
situations, for example in the W aal near Druten or in the flume experiments by Van 
Enckevoort & Van der Slildce (1996) superposition occurs with both primary and 
secondary dunes migrating actively. The secondary dunes in these cases only cover part 
of the stoss-side of the dune (sometimes almost up to the dune crest). This type of 
superposition is therefore not related to the hystereses in dune development, it probably is 
more related to the local structure of the flow over a primary dune. Each subaqueous 
dune has a flow separation zone on its lee side where large turbulent eddies are created 
which are shed into the flow. These eddies create two different flow regions over the 
stoss side of the next dune, which are divided by an internal shear layer (Bennett & Best, 
1995; fig. 3.1). The overall flow shear, related to average flow and found in the upper 
region, causes the primary form. However, the existence of the internal shear layer 
creates a different local flow-shear over the stoss-side of a primary dune (Van Mierlo & 
De Ruiter, 1988; Bennett & Best, 1995) which may cause secondary dunes to develop. 
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This internal shear layer and its consequences for the flow over the stoss have been 
studied before (Bennett & Best, 1995). However, it is not clear how it is related to the 
occurrence of superposition. This latter phenomenon has not yet been studied. 

8.3 Combining predictors 

In the introduction of this chapter it is concluded that there is a strong feedback loop 
between the flow conditions, the sediment transport and the dune development in a river 
(fig. 8.1). Later on two prediction methods have been proposed that can be used to 
describe some of the interactions in this feedback loop. First, the prediction method for 
dune development, proposed in Chapter 5, describes the relation between flow conditions 
and dune development. By incorporating a time-lag between flow and dune 
characteristics, the method bypasses the relations between flow conditions and sediment 
transport and sediment transport and dune development. This is done because those 
relations are difficult to define due to the complex processes of grain-size sorting 
(Kleinhans, 2002). Secondly, the prediction method for hydraulic roughness, proposed in 
Chapter 7, describes part of the relation between dune development and flow conditions. 
Together these two prediction methods can be used to predict the changes in hydraulic 
roughness during extreme flood events using flow prediction from currently available 
numerical models. As in these models the hydraulic roughness is not calculated 
dynamically but is used as a calibration factor, a comparison between the dynamically 
predicted hydraulic roughness and the hydraulic roughness from a flow model during an 
extreme flood could indicate the reliability of the predictions made by such a flow model. 

A good example of a flood event that can be used for such a comparison, is the extreme 
"design" flood that is used in The Netherlands as the basis for flood protection plans. 
This flood event has a discharge of 16,000 m3s-1 and an estimated occurrence of once 
every 1250 years. The flow model SOBEK, calibrated for the Rhine in The Netherlands, 
is one of the tools used to calculate the water levels for these extreme conditions. The 
comparison between the hydraulic roughness from the calibrated SOBEK model and the 
hydraulic roughness predicted from the dune development is done in five successive 
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, defined according to the largest 

known flood wave in the Rhine at the Dutch-German border from 1995. 



steps: 1) define a hypothetical flood wave for the Bovenrijn (Section 2A, fig. 4.1) with a 
maximal discharge of 16,000 m3s-\ 2) calculate the water depth, flow velocity, bed shear 
stress, and hydraulic roughness using the SOBEK model, 3) use the method of Chapter 5 
and the data on water depths, flow velocities, and bed shear stresses from SOBEK to 
predict dune length and dune height, 4) use the predicted dune dimensions together with 
the method of Chapter 7 and the data on water depths, flow velocities, and bed shear 
stresses from SOBEK to predict the dynamic hydraulic roughness, and 5) compare the 
calculated hydraulic roughness of SOBEK with the predicted values. 

8.3.1 Step 1 

A hypothetical flood wave was defined using the flood wave of 1995 as an example. In 
1995 the discharge rose from about 2500 m3s-1 to 12,000 m3s-1 and decreased again to 
about 3800 m3s-1 over a period of 24 days. The hypothetical wave also starts at about 
2500 m3s-1 but rises to 16,000 m3s-1 and than falls to 3800 m3s-1 over a period of 30 days 
(fig. 8.2). 
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Figure 8.3: The relation between the discharge and the water depth of the main channel according to 
SOBEK-calculations. 

8.3.2 Step 2 

Using the SOBEK model, the flow conditions were determined for different stable 
discharges in 21 steps ranging from 838 to 16,00Q m3s-1

. This resulted in several 
functions describing the relation between the discharge of the main channel and the water 
depth (fig. 8.3), flow velocity, bed shear stress and Chezy value, also of the main 
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channel. Using these functions, the development of these parameters was calculated 
during the hypothetical flood wave. Figure 8.4 shows that the water depth, flow velocity, 
and bed shear stress, derived from SOBEK, all rise and fall in a similar way as the 
discharge. However, the Chezy value as derived from SOBEK, shows a very different 
development. After a decrease at the start (day 5) of the flood wave (this corresponds to 
an increase in the hydraulic roughness), there is a small increase and subsequent decrease 
during main part of the flood (between day 6 and 22), followed by a pronounced increase 
at the end of the flood (corresponding to a decrease in the hydraulic roughness). The 
variation in hydraulic roughness, however, is small as the Chezy value only varies 
between 49 and 53 my's-1

. 
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Figure 8.4: Development of water depth, flow velocity, bed shear stress, and Chezy value during the 
hypothetical flood wave according to SOBEK-calculations. 

8.3.3 Step 3 

The models for predicting dune height and length in the Bovenrijn (Chapter 5) are 
strongly related to the bed shear stress development. Because no other information on bed 
shear stress is available, the bed shear stress values from SOBEK are used. At the same 
time, the grain-size is assumed constant at a D50 of 3.34*10-3 m. To calculate the dune 
height and length the models transcribed in Appendix 5 .II were used, which resulted in 
the hypothetical dune development shown in fig. 8.5. Dune height and length start 
increasing after day 5. At day 22, 8 days after the peak discharge, the dune height is 
maximal, and after that the dune height starts decreasing again. The dune length however, 
keeps on increasing throughout the flood wave. At day 24, superimposed small dunes 
appear on the large primary ones. The dimensions of these secondary dunes do not 
change very much thereafter. 
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Figure 8.5: Development of dune length and height of primary and secondary dunes as predicted with the 
models described in Chapter 5. The development of the brinkpoint height was calculated with the function 
shown in fig. 8.6. 

8.3.4 Step 4 

The model for calculating the hydraulic roughness of dunes, developed in Chapter 7, uses 
the brinkpoint height of the dunes and the spatial abundance of the superimposed dunes. 
Both factors are, however, not calculated with the models of Chapter 5. From the data of 
the Rhine used in Chapter 7, two functions can be created to help determine these 
parameters. Figure 8.6 shows the strong relation between brinkpoint height and dune 
height for both primary and secondary dunes in the Bovenrijn during the flood of 1998. 
For dunes higher than 0.6m this relation follows a straight line. Smaller dunes, however, 
seem to have increasingly smaller brinkpoint height in proportion to the dune height. 
However, in Chapter 7 it was already explained that the measurement resolution has a 
significant effect on the accurate detection of the brinkpoint. The measurement resolution 
of the data from the Rhine was such that for small dunes, in this case especially the 
secondary dunes, the calculated brinkpoint height are most likely to small. In this 
analyses therefore it was assumed that the relation between dune height and brinkpoint 
height followed the straight line and can be calculated with the function shown in fig. 8.6. 
Figure 8. 7 shows the abundance of secondaty dunes superimposed on a primary dune as a 
function of the dune steepness (H/L) of the primary dune for the Bovenrijn during the 
flood of 1998. If the primary dune has a steepness of 0.01 or smaller, then the secondary 
dunes cover the whole primary one including the lee-side and the abundance is 100%. 
Otherwise the abundance of superimposed secondary dunes in the Bovenrijn can be 
estimated with the function shown in fig. 8.7. 

Using the two functions for brinkpoint height and alfundance of superposition, together 
with the information on dune dimensions and flow conditions, the adapted method of 
Vanoni & Hwang (1967), described in Appendix 7.1, was used to calculate the dynamic 
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The fitted function indicates the relation used in the analysis, after assuming that the points which plot 
beneath the line can be ignored due to low measurement resolution. 
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Figure 8. 7: Relation between the abundance of superimposed dunes and the steepness of the primary dunes 
for the Bovemijn during the flood of 1998. 

hydraulic roughness (Chezy value) during this hypothetical flood wave. Figure 8.8 shows 
that the hydraulic roughness is small before the flood wave starts (indicated by a large 
Chezy value) and that it increases strongly as the dunes grow in size. After the dune 
height decreases again (8 days after the peak discharge) the hydraulic roughness 
decreases again slowly. Therefore a strong hystereses loop is predicted between the 
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hydraulic roughness during the rising limb of the flood and the falling limb, contrary to 
the predictions of SOBEK. The Chezy value in this case ranges from 41 to 59.5 m"'s-1 

during the hypothetical flood wave. 

8.3.5 Step 5 

The hydraulic roughness (Chezy) predicted according to the estimated dimensions of the 
dunes has a much larger variation during the hypothetical flood wave than the hydraulic 
roughness predicted by the SOBEK model (fig. 8.8). However, because the predictions of 
dune dimensions and dune related roughness used some of the results from the SOBEK 
model as measured data are absent, it is not possible to say that the predicted dynamic 
hydraulic roughness is correct. Actually, if the hydraulic roughness in the SOBEK model 
would vary as much as is predicted based on the dune predictions, than the flow 
velocities, water depths and bed shear stresses would be very different from the ones used 
here. How much different and how this would influence the predictions made here is, 
however, unlmown. But, the fact that there is a great discrepancy between the Chezy 
values of SOBEK and the values predicted from the dunes indicates that there may be a 
problem with the prediction from SOBEK for such an extreme flood event. During the 
peak discharge of an extreme flood event the hydraulic roughness could be as much as 
20% higher (resulting in lower Chezy values). This much higher hydraulic roughness 
would most probably result in much higher water levels than ever predicted with 
SOBEK. In that case, the implementation of the prediction models for dune development 
and dune-related hydraulic roughness in models such as SOBEK will have important 
implications for the redevelopment plans for the Rhine branches. 
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Figure 8.8: Development of the Chezy value during the hypothetical flood wave according to the models of 
Chapter 5 and 7 describing the dune development and dune relatelll hydraulic roughness and also according 
to the SOBEK-calculations. 
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8.4 Conclusions 

The main goals of this thesis are to propose methods to predict the dune development and 
the dune-related hydraulic roughness in a large river. These goals are reached, as in both 
cases a prediction method was successfully formulated and applied. The method for 
predicting dune development uses the flow strength and grain-size as major parameters 
together with the notion that the dunes are always developing toward an equilibrium dune 
dimension at a rate depending on the difference between their actual size and the 
equilibrium size. The method for predicting dune-related hydraulic roughness uses the 
shape of the dunes in the form of the brinkpoint height, and the composition of the dune 
field in the form of the abundance of superimposed forms. However, the generic use of 
these two prediction methods is limited because the major part of the analyses in this 
thesis was based on data from the Rhine branches gathered in the last decade. No 
information of the same high quality was available from other rivers and therefore the 
resulting predictors, as described in Chapters 5 and 7, are only applicable in certain 
sections of the Rhine branches. 

The major contribution to the research field of subaqueous dunes of this thesis is 
therefore probably not the two prediction methods but the appreciation of the importance 
of the basic principles behind the two prediction methods. The ideas, that dune 
development is not related directly to the current flow conditions but more to the history 
of previous conditions, and that the hydraulic roughness of dunes is not related to dune 
height but to the height of flow separation, are not new, but are for the first time 
incorporated in applicable prediction methods. The possibility of combining the two 
prediction methods to analyse the development of hydraulic roughness during a 
hypothetical flood wave is also useful. A trial calculation, which is done above, shows 
that the combined prediction methods predict a much higher variation of the hydraulic 
roughness than is predicted by a well-lmown and well-calibrated flow model for the 
Rhine branches. This indicates that flow models will benefit from the use of these 
prediction methods or the concepts behind them to improve the calculation of the 
hydraulic roughness. This will result in more .reliable water levels especially during 
discharges far beyond the calibration region, where flow conditions have to be 
extrapolated. 
With respect to the research field of subaqueous dunes, the technique of dune tracking 
has shown to be a reliable and simple way of determining the bedload transport rate in a 
river. The measurements with high resolution multibeam echosounding equipment are 
shown to be very valuable for this technique. These multibeam echosoundings are also 
essential in determining the dune development and dune shapes in the Rhine branches 
during several floods. The analysis on the interrelations of flow separation, dune shape 
and hydraulic roughness shows that a flow separation zone is even more stable in shape 
than was suspected by several investigators. It also reveals that the point of flow 
separation coincides with the place where the lee-side slope exceeds an angle of 10 
degrees. This notion could have important implications in situations where the bed is 
covered with symmetrical dunes whose lee-side angles are low, and for flow-turbulence 
models that are used in cases with subaqueous dunes. Finally, in most chapters the 
superposition of different dune types plays a distinct role. It influences the dune 
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development, significantly increases the hydraulic roughness and complicates the use of 
dune tracking. Two types of superposition are recognised, but more research is necessary 
to determine how and why superposition occurs. 

8.5 Future research 

The relations between flow conditions and dune development and vice versa that were 
investigated and converted into two prediction methods are part of the feedback loop (fig. 
8.1). As was described before, this feedback loop describes the relations between flow 
conditions, sediment transport, and dune development. Of the two prediction methods 
that were formulated, only the one between the dune development and flow conditions, 
through hydraulic roughness, directly fits into the feedback loop. The prediction method 
for the relation between the flow conditions and the dune development for a large part 
simplified the relations between flow conditions and sediment transport and between 
sediment transport and dune development. Implicitly, these relations were incorporated in 
the notion of dune development lagging behind on the development of flow as it takes 
time to transport enough material to transf01m the dunes. The prediction methods from 
this thesis on their own therefore can not explain the complete feedback loop. However, 
the relation of flow conditions and dune development with sediment transport was 
extensively investigated by Kleinhans (2002) and Blom (2003). In their theses they 
investigated the processes behind these relations. The combination of their conclusions 
with the results of this thesis should make it possible to describe the feedback loop (fig. 
8.1) in great detail and it may even be possible to formulate a flow model that 
incorporates all the relation of this feedback loop. The results from the comparison of the 
SOBEK data and the predictors of this thesis above, already showed that the correct 
implementation of the feedback loop could improve the prediction concerning extreme 
cases significantly. 

However, the prediction methods in this thesis have important restrictions. The dune 
development prediction for example is river section specific because of the lack of 
information on how the grain-size composition of the bed material changed during a 
flood. Also the reliability of both the dune development and hydraulic roughness 
prediction is uncertain because no proper validation could be perfom1ed due to lack of 
sufficient data. And finally, the uncertainty of the predicted hydraulic roughness is 
difficult to asses because the formulation of the predictor depended largely on uncertain 
measurements of the actual hydraulic roughness. In future research, these factors for dune 
development and hydraulic roughness should be resolved along with the many problems 
that were stated by both K1einhans and Blom. 

Future research that comes forth from this thesis and that focuses on the detailed 
processes involved with dune development and measurements is suggested below: 

1. Investigating the three dimensional dune shapes and the dune development using 
the spatial information of multibeam measurements. In this thesis the spatial 
information on dune shapes and size variatiofi was ignored and averaged into 
single values per river section. However, a multibeam measurement provides a 
detailed picture of the riverbed in a section. This detailed information could 
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provide the basis to investigate the selective transport pathways in a river. To use 
this spatial aspect of the multibeam data, a new method has to be defined to 
identifY dunes, not in a profile but in a three-dimensional image. Such an 
algorithm does cunently not exist. 

2. Investigating the relations between shipping, grain-size and dunes. From the 
situations found in the W aal near Druten it was concluded that there is a strong 
relation between the heavy shipping on the W aal, the grain-size of the bed and the 
size and shape of the dunes. However, it is unclear how the interactions between 
these three factors work, and if and to what extent these relations are important in 
other river sections. This could provide vital lmowledge for other rivers in the 
world that function as important shipping routes. 

3. Assessing the dependency of the adaptation coefficient in the dune development 
predictor for influences such as variations in grain-size and flow conditions. The 
dataset that was used in Chapter 5 to detennine the adaptation coefficient was 
insufficient to provided anything better than an average value for dune length and 
dune height. However, the results did indicate that other factors may influence the 
adaptation coefficient. Investigations on factors such as rising and falling flow, or 
grain-size of the bed could be important, improving the prediction capabilities of 
the prediction method formulated in Chapter 5. 

4. Investigating at which angle the flow separates from a curved swface and how 
this is influenced by grain-size and flow conditions. The discussion of Chapter 6 
showed that it is unclear exactly at which point the flow will separate from a 
curved angle. The precise location of this point is important for the conect 
determination of the hydraulic roughness of a dune as was shown in Chapter 7. 
However, this separation point can only be investigated on large dune shapes, 
similar in size to natural dunes, because otherwise the size of turbulent bursts can 
complicate the detection of the flow separation zone. This definition of the point 
of flow separation is also relevant in turbulent flow models, such as k-8 models 
(Rodi, 1984). If the point of flow separation is not predicted conectly in such a 
model the model will also not provide a conect account of the turbulence and 
hydraulic roughness created by the flow separation. 

5. Assessing the relation between the size of a flow separation zone and the 
hydraulic roughness of a dune. As explained in Chapter 6, no infotmation is 
cunently available to investigate this relationship. In virtually none of the cases, 
the flow separation zone and the hydraulic roughness were measured at the same 
time, and if they were, the conditions of the test deviated so much from common 
field situations that the relation was useless. Knowing the relation between the 
size and shape of the flow separation zone and the hydraulic roughness could 
improve the understanding of how dunes create hydraulic roughness and which 
dune and flow parameters are most important in predicting the hydraulic 
roughness. 

6. Performing accurate measurements of hydraulic roughness over naturally shaped 
dunes with many different shapes, sizes, abundanc~ of supe1position and grain
sizes. One of the major problems in Chapter 7 was that a predictor, incorporating 
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brinkpoint height, superposition, and flow separation zone information, could not 
be defined because no really accurate datasets were available. Such datasets 
should satisfy the three conditions listed in Chapter 7: 1) accurate measurements 
have to be available in different settings with different flow conditions, both 
steady and unsteady, and with different bedform sizes and shapes, including 
superposition, 2) the measurements have to include accurate characteristics of 
bedforms with special attention to brinkpoint height (separation height) both of the 
primary and secondary bedforms, and 3) the measurements have to include 
accurate flow characteristics necessary to calculate the total hydraulic roughness, 
which includes: flow velocity, water depth and energy slope. New comprehensive 
tests that satisfy these conditions would probably provide information necessary 
for the development of a new predictor for dune-related hydraulic roughness that 
performs even better than the adapted version of Vanoni and Hwang used in 
Chapter 7. 

7. Assessing how the brinkpoint height is related to grain-size, flow conditions and 
suspended sediment concentrations. Chapter 6 and 7 proved that the brinkpoint 
height of a dune is a major factor in determining the hydraulic roughness of this 
dune. However, in this thesis it was not investigated how this brinkpoint height 
depends on grain-size, flow conditions and suspended sediment concentrations. 
Some investigators suspect that the brinkpoint height of a dune is strongly related 
to the flow strength and the concentration of suspended material. It is suspected 
that the brinkpoint height of a dune will decrease as the flow velocity increases 
very much or when the sediment concentrations become very high (Dr. J.H. van 
den Berg, personal communication). However, as this has never been investigated, 
it is unclear if these processes really take place, and if so, at what flow velocity or 
suspended sediment concentration. As it is difficult to determine the brinkpoint 
height from echo sounder measurements, it could be useful to be able to predict 
the brinkpoint height from the dunes without direct measurements. 
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The development and hydraulic roughness of 
subaqueous dunes 

Summary 

Objectives 

Natural alluvial rivers by definition bear the threat of flooding. However, the presence of 
water and the fertility of floodplains was the reason the areas next to these rivers are 
presently heavily populated. Now, as a climate change is predicted with more extreme 
precipitation, these heavily populated areas have to be protected from catastrophic floods. 
In order to take appropriate measures to reduce the risk of flooding, it is necessary to 
know what water levels will occur during such extreme events. This implies knowledge 
of the hydraulic resistance at high flood stages. A major part of this flow resistance, or 
hydraulic roughness, is formed by obstacles found on the bed of the main channel. In 
many rivers these obstacles are natural dunes shaped by transport of loose bed material. 
Dunes are transverse bedforms which can be found in channelized environments, where 
flow conditions are sub-critical and the viscous sub-layer is smaller than the maximum 
grain size (Chapter 2). Dunes are related to the vertical flow patterns and therefore dune 
dimensions are strongly related to the water depth. In medium sized rivers this means that 
dunes are several to tens of meters long and several decimetres to a few meters high. 

It is a better understanding of the development and the roughness of these dunes that 
formed the general aim of this PhD-project. More specifically, this study was focused on 
the development and hydraulic roughness of dunes in non-steady flows during floods in 
medium-sized rivers with sand or sand-gravel beds like the Rhine and Meuse. The 
specific goals were: 

1. The prediction of the development of dune shape and size in non-steady flows 
during floods, 

2. The prediction of the hydraulic roughness caused by dunes, using the 
characteristics of dune shape, size, and flow conditions. 

To achieve these goals the following research questions were answered, bearing in mind 
the dynamic interaction between flow, sediment transport and dune development: 

• How do sediment transport and dunes interact and how is the migration of dunes 
related to the bed load transport? 

• How do the dunes in the Dutch rivers change during unsteady flow conditions and 
how can these changes be predicted? 

• What is the relation between dune shape and size, the dimensions of the flow 
separation zone, and the hydraulic roughness of a dune? 

• How can the hydraulic roughness of dunes b€1 predicted based on dune 
characteristics? 
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• What is the cause of the superposition of dunes in the Dutch rivers and how does 
this superposition influence the bed load transport, dune development, and 
hydraulic roughness? 

Interaction between dune migration and bedload 
transport 

The flow pattern over dunes is very complex which results in complex pathways of 
sediment transport and different interactions between sediment transport and the dune 
surface. Over the stoss-side of a dune, sediment transport is divided into bedload and 
suspended transport. Over the lee-side, where the flow is separated from the bed surface, 
sediment is either deposited in avalanches on the lee-slope, or transported in semi
suspension to the next dune, or it goes into or falls out of suspension. 

All these interactions play a role in dune migration and thereby influence the 
determination of bedload transport using dune migration, which is called dune tracking. 
The analyses of various difficulties in using this dune tracking technique in field 
situations (Chapter 3) shows, that dune tracking can produce reliable results even without 
direct measurements. However, to use dune tracking correctly several factors have to be 
taken into account: 

• the location of the sounded profiles should be in an almost straight stretch of river 
and their direction should be parallel to the banks but perpendicular to the dune 
crests, 

• the spatial and temporal resolution of the measurements should be based on 
expected dune characteristics and dune migration rates. The chosen resolutions 
should be high enough to accurately determine dune height, length, volume and 
migration rate, for example a spatial resolution of more than 15 points per dune 
and a temporal resolution that allows the dunes to migrate 20% to 80% of their 
dune length between two measurements, 

• finally, in case of superposition of dunes, those dunes (either the primary or the 
secondary) have to be used in dune tracking, that are most active in transporting 
bedload material as they migrate downstream. 

If all these factors are accounted for, the bedload transport rate (including pore space) can 
be calculated from the height and celerity of the migrating dunes (Chapter 4). 

Prediction of dune development in unsteady flow 

In Chapter 4 the growth and decay of dunes in the Dutch Rhine is analysed from echo 
soundings collected during several floods and during periods of low to moderate 
discharge. The evolution of dune shape and dimension during a river flood appears to be 
very different for various sections of the Rhine. This <\>ppears to be primarily due to grain
size differences and a variable discharge distribution over the main channel and the 
floodplain. The influence of differences in shape and duration of a flood wave is less 
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important The variable discharge distribution of the studied river over channel and 
floodplain causes a clearly different development of bed shear stress and grain-related 
shear stress in the main channel, which is reflected in the way dunes develop. Combining 
the differences in grain-size and the differences in the shear stress exerted by the river 
bed results in reasonably good power relations that predict dune height, length and 
migration rate for during rising discharges. 

During falling discharges the development of the dunes show a clear hysteresis (Chapter 
4). This hysteresis cannot be predicted directly from the changes in bed shear stress and 
therefore, in Chapter 5, a method to predict dimensions of active dunes during unsteady, 
non-uniform flow conditions in the Rhine branches is proposed. A review of existing 
predictors showed that none of these can be directly used. In the proposed method effects 
of reaction time and relaxation in dune development are incorporated. Unfortunately, due 
to lack of measurement data concerning changes in grain size during flood events, no 
prediction model could be presented that is applicable everywhere in the Rhine. The 
prediction models that were formulated are only applicable in certain sections of the 
Rhine. The analysis also showed that separate models are necessary for dune height and 
length because dune height adapts much faster to new flow conditions than dune length. 

Despite these problems, a comparison between the model simulations and the 
observations from individual flood events in individual sections showed that the models 
accurately simulate the trends of dune development, the moments of maximum dune 
dimensions, and the occurrence of superposition of secondary dunes. Even the actual 
dune height and length was simulated accurately in several cases. The models can 
therefore be used in future flood events to predict the dune dimensions in the three river 
sections used here. The physical basis of the proposed method implies its potential for 
future application in other parts of the Rhine branches. By incorporation of the grain-size 
as an additional parameter the method can be made more generic. 

The relation between dunes, flow separation and 
hydraulic roughness 

The hydraulic roughness of a dune is caused by the generation of turbulence at the steep 
downstream side, where the flow separates from the bed to reattach again on the stoss 
side of the next dune. The amount of turbulence that is created in the flow separation 
zone is probably linked to the general flow conditions and the shape and size of the flow 
separation zone. The size and shape of the flow separation zone is governed by the height 
of the flow separation point, as the zero velocity line has a constant angle of 10 degrees 
(± 1 degree), independent of any difference in bedform characteristics or flow conditions 
(Chapter 6). The flow separation point is probably located at that point on a lee-slope 
where the angle of the slope exceeds 10 degrees. On dunes, this point normally coincides 
with the brinkpoint, where the loss of flow shear results in avalanching material, creating 
a break from a gentle to a steep slope. 
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Predicting hydraulic roughness of dunes 

The total hydraulic resistance of the river bed consists of the roughness of the grains (skin 
friction), and the form resistance of dunes (form roughness). In the case of dunes the 
hydraulic roughness is directly related to the size of the flow separation, which in turn is 
directly related to the height of the flow separation point. The analysis of Chapter 7 
showed that existing hydraulic roughness predictors significantly improved by restricting 
grain roughness to the area outside the separation zone, substitution of dune height by 
brinkpoint height and the incorporation of the hydraulic roughness of superimposed 
dunes according to their spatial abundance. Especially in the case that the brinkpoint 
heights were much smaller than dune heights, and in cases where the dunes are 
superimposed by smaller bedforms the original predictors over-, respectively under 
predicted the total hydraulic roughness. Therefore, the total hydraulic roughness of the 
riverbed can be accurately predicted if data is available on the average shape and size of 
the dunes and the median grain size of the bed. 

Superposition of dunes 

The issue of superposition of dunes was not considered separately in this thesis. 
However, it was shown to be relevant in almost every chapter. In Chapter 3 it was 
concluded that in case superimposed dunes are present in a river it is important to select 
the right dune type for dune tracking. In Chapter 4 it was shown that superposition occurs 
in all sections of the Rhine branches. Finally in Chapter 7 superposition was shown to be 
an important factor in predicting the total hydraulic roughness. The question how and 
why superposition occurs was addressed shortly in Chapter 8. Here it was concluded that 
superposition may be related to the hysteresis in the dune development, resulting in 
secondary dunes on top of degrading primary dunes. However, superposition can also be 
due to local flow conditions over the stoss-side of a dune being very different from the 
general flow conditions in the river. With this type of superposition, conversely to 
hysteresis case, both primary and secondary dunes are active. 

General conclusion 

Both for the dune development as well as for the hydraulic roughness of dunes a 
prediction method was successfully formulated and applied. The method for predicting 
dune development is based on the principle that the dunes are always developing toward 
an equilibrium dune dimension at a rate depending on the difference between their actual 
size and the equilibrium size. Flow strength and bed material grain-size are the key 
parameters. The proposed method for predicting dune-related hydraulic roughness uses 
the shape of the dunes in the form of the brinkpoint height, and the composition of the 
dune field in the form of the abundance of superimposfd forms. The method is generic, 
and should be applicable in many rivers. For the time being however, the use of these two 
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prediction methods is limited to the Rhine branches as information of the same high 
quality from other rivers is still lacking. 
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De ontwikkeling en de hydraulische ruwheid van 
duinen op de rivierbodem 

Samenvatting 

lnleiding 

De vele voordelen van het wonen aan een rivier, vruchtbaar land, een handelsroute, en de 
beschikbaarheid van water is er de oorzaak van dat vele beschavingen zijn ontstaan langs 
laaglandrivieren, ondanks het risico van overstromingen. V oor de toekomst wordt er een 
klimaatsverandering voorspeld waarbij er veel meer neerslag zal vallen. Daarom zullen 
de dichtbevolkte gebieden langs de rivieren beter moeten worden beschermd tegen 
catastrofale overstromingen. Om de benodigde voorzieningen te treffen die de 
overstromingsrisico' s moeten verminderen is het noodzakelijk om te weten wat voor 
waterstanden er tijdens zulke extreme situaties zullen optreden. De waterstanden die 
worden bereikt zijn afhankelijk van de aangevoerde hoeveelheid water, maar ook van de 
mate van opstuwing door allerlei obstakels in de rivier. Het belangrijkste deel van deze 
opstuwing wordt veroorzaakt door de weerstand die wordt uitgeoefend door obstakels op 
de bodem van de rivier. Hoe ruwer de bodem, hoe meer weerstand er wordt geboden aan 
het stromende water en hoe meer het water wordt opgestuwd. In de meeste rivieren zijn 
( onderwater) duinen, gevormd door het transport van los bodemmateriaal, de 
belangrijkste obstakels op de bodem van de rivier. Duinen zijn zandgolfpatronen met een 
asymmetrisch profiel (de stroomafwaartse zijde is veel steiler dan de stroomopwaartse ). 
Ze komen vooral voor in situaties waar het water door geulen stroomt, waarbij de 
duinkammen dan loodrecht georienteerd zijn op de stroming. Duinen zijn sterk 
gerelateerd aan verticale stromingspatronen en daarom is de duingrootte gerelateerd aan 
de waterdiepte. In middelgrote rivieren betekent dit dat duinen enkele meters tot 
tientallen meters lang zijn en enkele decimeters tot een paar meter hoog. 

De aanleiding voor dit promotie onderzoek was te komen tot een beter begrip van het 
ontstaan en de ontwikkeling van deze duinen en in het bijzonder van de 
stromingsweerstand die zij veroorzaken. Om deze doelstellingen te verwezenlijken werd 
het onderzoek gericht op de beantwoording van de volgende onderzoeksvragen: 

• Wat is de interactie tussen sedimenttransport en duinen. En hoe kan de migratie 
van duinen gerelateerd worden aan het transport van materiaal over de bodem? 

• Hoe veranderen de duinen in de Nederlandse rivieren tijdens een hoogwater. En 
hoe kunnen deze veranderingen worden voorspeld? 

• W at is de relatie tussen de duinvorm, duingrootte, de grootte van de 
stroomseparatie zone en de hydraulische ruwheid van een duin? 

• Hoe kan de hydraulische ruwheid van duinen wo,rden voorspeld met behulp van de 
duinkarakteristieken? 
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• Wat is de oorzaak van de superpositie van duinen in de Nederlandse rivieren. En 
hoe bei:nvloed deze superpositie het bodemtransport, de duin ontwikkeling en de 
hydraulische ruwheid? 

De interactie tussen duinmigratie en bodemtransport 

De stroming over duinen is zeer complex en veroorzaakt daardoor verschillende 
interacties tussen het sedimenttransport en het oppervlak van de duin. Boven de loefzijde 
(de stroomopwaartse zijde) van een duin is het sedimenttransport verdeeld over bodem
en suspensietransport. Aan de lijzijde (de stroomafwaartse zijde) laat de stroming los van 
de bodem en wordt het sediment afgezet op de steile helling, of stroomafwaarts 
getransporteerd naar het volgende duin, of het wordt hoger de waterkolom in geblazen en 
blijft daar in suspensie. 

Al deze interacties spelen een rol in de migratie van duinen en dus zijn ze van invloed op 
het berekenen van het bodemtransport met behulp van de duinmigratie, ook wel "dune 
tracking" genoemd. De analyse van verschillende problemen die optreden bij het gebruik 
van deze "dune tracking" techniek in veld situaties (Hoofdstuk 3), laat zien dat het 
bodemtransport hiermee goed kan worden berekend zonder dat daar directe metingen van 
het sedimenttransport voor nodig zijn. Er dient dan wel voldaan te worden aan de 
volgende voorwaarden: 

• Het deel van de rivier waarin de profielen van de bodem worden gemeten moet zo 
recht mogelijk zijn, de richting van de profielen moet parallel zijn aan de oevers 
en de profielen moeten loodrecht op de kammen van de duinen staan. 

• De keuze van de meetresolutie en de tijd tussen twee metingen moet zo goed 
mogelijk aansluiten bij de te verwachten duindimensies en migratiesnelheden. De 
gekozen meetresolutie moet groot genoeg zijn om de duinhoogte, lengte, volume 
en migratiesnelheid nauwkeurig te bepalen. Bijvoorbeeld: een meetresolutie van 
15 meetpunten per duin en een tijdspanne tussen twee metingen waarin de duinen 
tussen de 20 tot 80% van hun duinlengte zijn verplaatst. 

• Ten slotte, in het geval van gesuperponeerde duinen moet er gekozen worden 
voor dat duintype (primaire of daarop gesuperponeerde secundaire duinen) dat het 
meest actief het bodemmateriaal transporteerd terwijl ze stroomafwaarts 
verplaatsen. 

Het voorspellen van duinontwikkeling tijdens een 
hoogwater 

In hoofdstuk 4 is met behulp van metingen, uitgevoerd tijdens verschillende hoogwaters 
en tijdens perioden met lage of gemiddelde debieten, het groter en kleiner worden van de 
duinen in de Rijn in Nederland geanalyseerd. De ontwikkeling van de duinvorm en 
grootte tijdens een hoogwater blijkt duidelijk anders te zijn in verschillende delen van de 
Rijn. Dit wordt vooral veroorzaakt door een verschil in samenstelling van het 
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bodemmateriaal en door verschillen in de verdeling van het debiet over de hoofdgeul en 
de uiterwaarden tijdens hoogwater. De verschillen in vorm en duur van een 
hoogwatergolf zijn veel minder belangrijk. De variabele verdeling van het debiet over de 
hoofdgeul en de uiterwaarden in de verschillende delen van de Rijn veroorzaakt 
duidelijlee verschillen in de laachten die uitgeoefend worden op de rivierbodem in de 
hoofdgeul, wat zijn weerslag heeft op de ontwildceling van de duinen op die rivierbodem. 
Door releening te houden met de samenstelling van het bodemmateriaal en met de 
laachten die daarop worden uitgeoefend door het stromende water blijlet het goed 
mogelijle te zijn om te voorspellen hoe de duinen veranderen, ten minste tijdens het 
stijgende deel van een hoogwatergolf. 

Als de debieten weer afnemen vertonen de duinen een duidelijlee naijling in hun grootte. 
Dat beteleent dat bij eenzelfde debiet als tijdens het stijgende deel, de duinen nu groter of 
ldeiner zijn (Hoofdstule 4). Deze hysterese lean niet direct verlelaard worden met de 
veranderingen in de laachten aan de rivierbodem. In Hoofdstuk 5 wordt daarom een 
andere methode voorgesteld om de duinontwildceling tijdens een hoogwater te 
voorspellen. In de nieuwe methode wordt releening gehouden met het moment van de 
eerste reactie en aanpassingstijd van de duinen op veranderingen in de stroming .. De 
aanpassingstijd is een maat voor hoe lang het duurt voordat een duin helemaal is 
aangepast aan de nieuwe stromingssituatie vanaf het moment van de eerste verandering. 
Vanwege het niet beschilebaar zijn van informatie over de veranderingen in de 
samenstelling van het bodemmateriaal tijdens een hoogwater leon in Hoofdstule 5 geen 
releenmodel worden gemaalet dat toepasbaar was in de hele Rijn. De releenmodellen die 
worden voorgesteld zijn alleen bruilebaar in bepaalde delen van de Rijn. De analyse 
toonde oole aan dat er aparte modellen nodig zijn voor de duinhoogte en duinlengte omdat 
de duinhoogte sneller wordt aangepast aan een nieuwe stromingssituatie dan de 
duinlengte. 

Ondanles deze problemen bleele uit een vergelijleing tussen de voorspellingen en de 
metingen dat de voorgestelde releenmodellen redelijle goed de trend van de 
duinontwildceling en het moment van maximale duingrootte leonden voorspellen. Oole de 
werleelijlee duingrootte werd in vele gevallen goed voorspeld. Deze releenmodellen 
kunnen daarom gebruilet worden om te voorspellen wat de duindimensies tijdens 
toeleomstige hoogwaters zullen zijn in de drie delen van de Rijn. Met behulp van 
informatie over de veranderingen van de samenstelling van de rivierbodem lean de 
methode zodanig worden aangepast dat deze ook toepasbaar zal zijn in andere delen van 
de Rijn en mogelijle zelf in andere rivieren. 

De relatie tussen duinen, stroomseparatie en 
hydraulische ruwheid 

De hydraulische ruwheid van een duin wordt veroorzaalet door turbulente stroming in een 
neer aan de steile stroomafwaartse zijde van een duin In deze neer is er een netto 
retourstroming langs de bodem. Boven de neer vervolgt de van de bodem "losgelaten", 
gesepareerde hoofdstroom zijn weg, om pas weer bodem te "voelen" op de 
stroomopwaartse zijde van de volgende duin (Hoofdstuk 6). De hoeveelheid turbulentie 
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die wordt geproduceerd in deze separatiezone is waarschijnlijk gerelateerd aan de 
algemene stromingscondities en de vorm en grootte van de separatiezone. Deze wordt op 
haar beurt bepaald door de hoogte van het loslaatpunt, omdat de lijn tussen loslaatpunt en 
aanhechtpunt altijd een helling heeft van 10 graden (± 1 graad), onafhankelijk van de 
vorm van de duin of de heersende stromingscondities. Het loslaatpunt van de stroming is 
waarschijnlijk te vinden op de plek waar de helling van de lijzijde grater wordt dan 10 
graden. Bij duinen is op dit punt vaak een knik te vinden in het profiel, het "brinkpoint", 
waar het verlies van stroomlaacht ervoor zorgt dat het sediment naar beneden rolt over de 
lijzijde, zodat er een knik ontstaat van een tlauw naar een steile helling. 

Het voorspellen van de ruwheid van duinen 

De totale hydraulische ruwheid van de rivierbodem bestaat uit een combinatie van de 
weerstand van de korrels waaruit de bodem bestaat (korrelruwheid) en de weerstand van 
de duinen (vorrnruwheid). In het geval van duinen is de hydraulische ruwheid direct 
gerelateerd aan de grootte van de zone van stroomseparatie, die op haar beurt is 
gerelateerd aan de hoogte van het loslaatpunt. De analyse in Hoofdstuk 7 laat zien dat 
bestaande voorspellers voor de ruwheid beter presteren als alleen de korrelruwheid in 
rekening wordt gebracht van het gebied buiten de zone van stroomseparatie, de 
duinhoogte wordt vervangen door de hoogte van het loslaatpunt (de hoogte van het 
brinkpoint) en door rekening te houden met de bijdrage aan de weerstand door 
gesuperponeerde duinen. De bestaande ruwheidsvoorspellers gaven te hoge ruwheden in 
die gevallen waar de hoogte van het brinkpoint veel kleiner is dan de duinhoogte en 
voorspelden te lage ruwheden in die gevallen waarbij de primaire duinen bedekt waren 
met kleinere secundaire duinen. Met de aangepaste voorspellers kan de totale 
hydraulische ruwheid van de rivierbodem dus worden voorspeld mits er nauwkeurige 
informatie beschikbaar is over de duinvorm en grootte en de samenstelling van het 
bodemmateriaal. 

Superpositie van duinen 

Het onderwerp superpositie is niet afzonderlijk behandeld in dit proefschrift, maar de 
relevantie van superpositie werd aangetoond in vrijwel ellc hoofdstuk. In Hoofdstuk 3 
werd aangetoond dat als er gesuperponeerde duinen voorkomen in een rivier het 
belangrijk is om goed te kiezen welk duintype voor "dune tracking" gebruikt wordt. In 
Hoofdstuk 4 is aangetoond dat superpositie veelvuldig voorkomt in verschillende delen 
van de Rijn. En in Hoofdstuk 7 werd aangetoond dat superpositie een belangrijke factor 
is bij het voorspellen van de hydraulische ruwheid. De vraag van hoe en waarom er 
superpositie optreedt, wordt kort behandeld in Hoofdstuk 8. Daar wordt geconcludeerd 
dat superpositie gerelateerd kan zijn aan de hysterese in de duinontwikkeling waardoor er 
secundaire duinen ontstaan op de verdwijnende primaire duinen. Superpositie kan echter 
ook worden veroorzaakt door lokale stromingscondities over de stroomopwaartse zijde 
van een duin, die duidelijk afwijken van de algemene stromingscondities in de rivier. Bij 
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dit type superpositie zijn, in tegenstelling tot het hysterese type, beide duintypen even 
actief in het verplaatsen van bodemmateriaal. 

Algemene conclusies 

Voor zowel de ontwildceling van duinen als de hydraulische ruwheid van duinen is in dit 
promotieonderzoek een voorspellingsmethode ontwildceld en toegepast. De methode voor 
het voorspellen van de duinontwikkeling is gebaseerd op het idee dat duinen zich 
ontwikkelen naar een evenwicht met een snelheid die afhangt van het verschil tussen de 
actuele grootte en de evenwichtsgrootte. De krachten uitgeoefend door de stroming en de 
samenstelling van het bodemmateriaal zijn daarbij de belangrijkste factoren. De 
voorgestelde methode voor het voorspellen van de hydraulische ruwheid van duinen 
maakt gebruik van de vonn van het duin, meer specifiek van de brinkpointhoogte, en van 
de samenstelling van het duinenveld op de rivierbodem, in het bijzonder de aanwezigheid 
van gesuperponeerde vormen. De methode is algemeen en zou daarom gel dig moeten zijn 
in elke rivier. Voorlopig zijn de beide voorspellingsmethodes echter alleen bruilcbaar zijn 
in enkele Rijntakken omdat er geen informatie beschikbaar is uit andere rivieren met 
dezelfde hoge kwaliteit die een calibratie voor die rivieren mogelijk maakt. 
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