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Vorwort

Die Sohlen steiler Gerinne zeigen meist eine ausgeprägte Tendenz zur Selb-
ststabilisierung, indem sich unter hydraulischer Belastung grobe, strukturi-
erte Deckschichten bilden, die man auch als Abpflästerungsschichten bezeich-
net. Diese Deckschichten werden morphologisch als ”Kaskaden”oder ”Stufen-
Becken-Sequenzen”angesprochen. Der Geschiebehaushalt solcher Wildbäche
ist weitgehend zuflusslimitiert und ausgeglichen, solange die Selbststabil-
isierung mittels der Deckschicht eine Sohlenerosion verhindert. Bei grossen
Hochwasserabflüssen kann die Belastungsgrenze der Deckschicht jedoch über-
schritten werden, wie auch die jüngsten Hochwasserereignisse im August 2005
in der Schweiz gezeigt haben. In diesem Fall kommt es zu Sohlenerosion, die
bei den steilen Ufern immer auch Seitenerosion oder Hangrutschungen zu-
folge haben. Aus der Sicht des Schutzes vor Naturgefahren ist es deshalb
notwendig, die Stabilität solcher Sohlendeckschichten zu kennen.

Falls die Stabilität der natürlichen Sohlenmorphologie nicht ausreicht,
ein gewünschtes Schutzziel einzuhalten, besteht die Möglichkeit, künstliche,
erosionsbegrenzende Sohlenbauwerke zu erstellen. Konventionelle Sohlen-
bauwerke, wie Abstürze, Sperren, Blocksteinrampen oder Schwellen, erfüllen
ihre Schutzfunktion meist sehr wirkungsvoll, wenn sie richtig dimensioniert
sind. Allerdings werden sie ökologisch negativ beurteilt, weil die Längs-
durchgängigkeit des Fliessgewässers durch sie unterbrochen wird. Den Forderun-
gen nach naturnahem Wasserbau könnte in diesem Fall entsprochen werden,
wenn es gelänge morphologienahe, hochbelastbare Sohlenbauwerke zu en-
twickeln.

Diese Aufgabe hat sich Herr Weichert gestellt. Er wollte einerseits das
Verständnis des Prozesses verbessern, um daraus eine praktikable Beschrei-
bung des Stabilitätsverhaltens der Sohlen steiler Fliessgewässer abzuleiten.
Ein weiteres Ziel der vorliegenden Arbeit war, einen Beitrag zur Erarbeitung
allgemein gültiger Vemessungsempfehlungen für künstlich erstellte, aber mor-
phologienahe Sohlenbauwerke zu leisten.
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sonen nicht möglich gewesen. Ihnen möchte ich an dieser Stelle meinen Dank
aussprechen.

Herrn Prof. Dr. Hans-Erwin Minor danke ich für das Vertrauen, das
er mir entgegengebracht hat, den fachlichen Korrekturen sowie für den wis-
senschaftlichen Freiraum den er mir gelassen hat. Dieser forderte mich, er-
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Meinen Söhnen Janis und Mika danke ich für die notwendige Ablenkung
zu Hause. Meinen Freunden, meiner Familie und insbesondere meiner Frau
danke ich für den notwendigen Rückhalt, der eine wichtige Voraussetzung für
die Arbeit war.

iii





Contents

Abstract ix

Zusammenfassung xiii

1 Introduction 1

2 Characteristics of Steep Open Channels 5
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Channel gradient . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Roughness scale . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Geomorphology . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4.1 Reach-scale . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4.2 Macro-scale . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4.3 Meso-scale . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4.4 Micro-scale . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5 Hydraulics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 Bed stability and sediment transport . . . . . . . . . . . . . . 15

3 Bed Morphology 17
3.1 Macro-scale bedforms . . . . . . . . . . . . . . . . . . . . . . . 17

3.1.1 Roughness geometry . . . . . . . . . . . . . . . . . . . 17
3.1.2 Origin of the bed features . . . . . . . . . . . . . . . . 19

3.2 Meso-scale bedforms . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.1 Roughness geometry . . . . . . . . . . . . . . . . . . . 21
3.2.2 Origin of the bed features . . . . . . . . . . . . . . . . 31

4 Flow Field 37
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Navier-Stokes equations . . . . . . . . . . . . . . . . . . . . . 40

4.2.1 Time-averaged Navier-Stokes equations . . . . . . . . . 40
4.2.2 Double-averaged Navier-Stokes equations . . . . . . . . 41

v



Contents

4.3 Turbulent velocity profile over rough beds . . . . . . . . . . . 42
4.3.1 Reference level . . . . . . . . . . . . . . . . . . . . . . 42
4.3.2 The concept of the equivalent sand roughness . . . . . 43

4.4 Flow type 1: Small-scale roughness . . . . . . . . . . . . . . . 45
4.5 Flow type 2: Large-scale roughness . . . . . . . . . . . . . . . 46
4.6 Flow type 3: Separated turbulent flow . . . . . . . . . . . . . 47
4.7 Interconnection between the flow field and the geomorphologic

scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.7.1 Macro-scale . . . . . . . . . . . . . . . . . . . . . . . . 52
4.7.2 Meso-scale . . . . . . . . . . . . . . . . . . . . . . . . . 53

5 Flow Resistance 57
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Flow equations . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 The model of composite roughness . . . . . . . . . . . . . . . 59
5.4 Step-pool flume data . . . . . . . . . . . . . . . . . . . . . . . 61
5.5 Flow type 1: Small relative roughness . . . . . . . . . . . . . . 62

5.5.1 Logarithmic laws . . . . . . . . . . . . . . . . . . . . . 62
5.5.2 Power laws . . . . . . . . . . . . . . . . . . . . . . . . 62

5.6 Flow type 2: Large relative roughness . . . . . . . . . . . . . . 63
5.6.1 Logarithmic laws . . . . . . . . . . . . . . . . . . . . . 64
5.6.2 Modified logarithmic laws . . . . . . . . . . . . . . . . 65
5.6.3 Power laws . . . . . . . . . . . . . . . . . . . . . . . . 68

5.7 Flow over beds with macro-scale features . . . . . . . . . . . . 70
5.8 Flow over beds with meso-scale features . . . . . . . . . . . . 71

6 Stability 77
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.2 Incipient motion criteria for a single grain . . . . . . . . . . . 77
6.3 The influence of slope and relative submergence . . . . . . . . 80
6.4 Step-pool flume data . . . . . . . . . . . . . . . . . . . . . . . 81
6.5 Uniform bed material . . . . . . . . . . . . . . . . . . . . . . . 82

6.5.1 Shields criteria . . . . . . . . . . . . . . . . . . . . . . 82
6.5.2 Modified Shields criteria at steep slopes . . . . . . . . . 83
6.5.3 Probability of movement . . . . . . . . . . . . . . . . . 85

6.6 Widely graded bed material . . . . . . . . . . . . . . . . . . . 87
6.6.1 Plane bed . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.6.2 Step-pool systems . . . . . . . . . . . . . . . . . . . . . 89

6.7 Man-made structures . . . . . . . . . . . . . . . . . . . . . . . 93
6.7.1 General considerations . . . . . . . . . . . . . . . . . . 93
6.7.2 Failure mechanisms . . . . . . . . . . . . . . . . . . . . 95

vi



Contents

6.7.3 Overall stability of ramp structures . . . . . . . . . . . 100
6.7.4 Boulder check-dams . . . . . . . . . . . . . . . . . . . . 103

7 Summary of the Literature Review and Goal of the Study 105
7.1 Summary of the literature review . . . . . . . . . . . . . . . . 105
7.2 Goal of the study . . . . . . . . . . . . . . . . . . . . . . . . . 108
7.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

8 Physical Model 111
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.2 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . 111

8.2.1 Flume . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
8.2.2 Sediment . . . . . . . . . . . . . . . . . . . . . . . . . . 112

8.3 Measurement techniques . . . . . . . . . . . . . . . . . . . . . 114
8.3.1 Discharge . . . . . . . . . . . . . . . . . . . . . . . . . 114
8.3.2 Laser distance sensors . . . . . . . . . . . . . . . . . . 114
8.3.3 Ultrasonic devices . . . . . . . . . . . . . . . . . . . . . 116
8.3.4 Salt dilution method . . . . . . . . . . . . . . . . . . . 116
8.3.5 Visual observation . . . . . . . . . . . . . . . . . . . . 119

8.4 Experimental procedure . . . . . . . . . . . . . . . . . . . . . 119
8.4.1 Self-generated steps (SGS-runs) . . . . . . . . . . . . . 119
8.4.2 Modelled steps (MS-runs) . . . . . . . . . . . . . . . . 122

8.5 Dimensional analysis and similitude . . . . . . . . . . . . . . . 125

9 Experimental Results 131
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
9.2 Bed morphology . . . . . . . . . . . . . . . . . . . . . . . . . . 132

9.2.1 Characteristic section lengths . . . . . . . . . . . . . . 132
9.2.2 Self-affinity . . . . . . . . . . . . . . . . . . . . . . . . 140
9.2.3 Macro-scale structure . . . . . . . . . . . . . . . . . . . 142
9.2.4 Meso-scale structure . . . . . . . . . . . . . . . . . . . 146

9.3 Origin of steps and pools . . . . . . . . . . . . . . . . . . . . . 152
9.4 Flow field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

9.4.1 Flow depth versus roughness height . . . . . . . . . . . 156
9.4.2 Channel width versus flow stage . . . . . . . . . . . . . 157
9.4.3 Distribution of the specific discharge . . . . . . . . . . 158

9.5 Flow resistance . . . . . . . . . . . . . . . . . . . . . . . . . . 161
9.6 Stability of natural beds . . . . . . . . . . . . . . . . . . . . . 167

9.6.1 Destabilisation . . . . . . . . . . . . . . . . . . . . . . 168
9.6.2 Self-stabilisation . . . . . . . . . . . . . . . . . . . . . 170

9.7 Stability of man-made step structures . . . . . . . . . . . . . . 187

vii



Contents

9.7.1 Failure mechanisms . . . . . . . . . . . . . . . . . . . . 188
9.7.2 Comparison with natural structures . . . . . . . . . . . 194

10 Conclusions and Outlook 199
10.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

10.1.1 Bed morphology and origin of the bed features . . . . . 199
10.1.2 Stability of naturally developed channel beds . . . . . . 201
10.1.3 Macro-scale bed features . . . . . . . . . . . . . . . . . 203
10.1.4 Stability of nature-oriented man-made structures . . . 204

10.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
Latin Letters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
Greek Letters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

Appendix 1 - Photographic documentation 241

Appendix 2 - Data-CD 245

Curriculum Vitae 247

viii



Abstract

Flood events in mountainous regions have caused significant damages in
Switzerland during the recent years. Consequently, there is a considerable
demand for the quantification of flood risks in mountain streams and torrents.
In close connection to the damages in steep open channels are processes that
are related to the mobilisation of sediment. In mountainous regions, the
main sources for the sediment are the material stored in the channel bed
and the hillslopes. As channel bed degradation and hillslope stability are di-
rectly linked with each other, the assessment of the bed stability is of special
significance.

In cases, where engineering tools are required to stabilise the channel bed,
the demand for ecologically oriented structures has been risen. As no general
design recommendations exist for these structures, fundamental research is
required. An increased knowledge of the bed morphology and stability of
naturally developed beds may contribute to this issue.

The present study focusses on these topics. For this purpose, flume ex-
periments were carried out at the Laboratory of Hydraulics, Hydrology and
Glaciology (VAW) of the Swiss Federal Institute of Technology (ETH) in
Zurich. Two sets of experiments were performed that focussed on naturally
developed beds on the one hand and on nature-oriented bed stabilisation
measures on the other hand.

Generally, the origin of the bed features, the bed morphology, the flow
field and the flow resistance are strongly interrelated with the bed stability.
Consequently, an isolated consideration of the stability is not possible.

Within the flume experiments, different geomorphologic scales could be
identified that occurred depending on channel width, slope and discharge.
As these scales interrelate with each other in a complex way, they must be
taken into account when considering the physical processes involved. Within
the flume, these geomorphologic scales were characterised by

ix



Abstract

Reach-scale: a pivot point at the outflow of the flume

Macro-scale: successions of riffles and pools

Meso-scale: successions of steps and pools

Micro-scale: a coarse armour layer.

Recently, the standard deviation of the roughness heights has been intro-
duced as a parameter to describe the bed roughness in steep open channels.
The results of the present study confirm its applicability to describe the
roughness in the meso-scale. However, depending on the existent geomor-
phologic scales, it is important over which length the standard deviation is
determined and what roughness scale is aimed to be described. In the present
study, this issue is discussed in detail.

Besides their influence on the roughness structure, the occurrence of dif-
ferent geomorphologic scales and the appropriate description of the roughness
is also of significance for the flow resistance. The experiments showed that the
flow resistance is mainly influenced by the meso-scale roughness structure.
However, the occurrence of macro-scale bed features influence the meso-scale
roughness geometry and hence, indirectly affect the flow resistance. The re-
sults of the flume experiments suggest to apply the standard deviation of
the roughness heights to describe the meso-scale roughness in combination
with a parameter that takes into account the macro-scale influence. In this
connection, an extension of an existent flow resistance equation is proposed.

Existing approaches assess bed stability by the calculation of a critical
discharge, i. e. the bed is considered to be in a stable or unstable condition.
In cases where the discharge exceeds the critical value, these approaches do
not provide the tool to assess the consequences, i.e. the magnitude of pos-
sible channel bed degradations. Within the present investigation, the self-
stabilisation potential of the bed in different scales was taken into account to
derive a new stability approach. This approach combines the existing stabil-
ity of the bed with potentially occurring channel bed degradations at larger
discharges.

Nature-oriented, man-made bed stabilisation measures gained in impor-
tance recently. In this context, structured block ramps that seek to simulate
step-pool systems have been variously applied. For these structures, it is
important to distinguish between the stability of an individual step and the
stability of the whole stabilised river reach. The present study considers both
cases. In case of the stability of individual step structures, a design proce-
dure must focus on the prevention of different possible failure mechanisms.
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Abstract

The results of the experiments showed that the stability of an individual,
man-made step structure is significantly lower than for a comparable natural
step feature.

Contrary, the comparison between reaches with successions of natural and
man-made step structures respectively, show that similar values describing
the stability were obtained. In case of a destabilisation of a man-made step
structure, the step-forming boulders in combination with the underground
material had the potential to restabilise the channel bed, so that the local
destabilisation of a step structure not necessarily led to a destabilisation of
the whole river reach.

Besides the possibility to rebuild single step structures, the results of
the present investigation could be applied to design natural and stable river
reaches by supplying material that has the potential to form stable step-pool
structures.
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Zusammenfassung

Schäden durch Hochwasserereignisse in Gebirgsregionen stehen häufig im
Zusammenhang mit Prozessen bei denen der Erosion und der Ablagerung von
Sedimenten eine bedeutende Rolle zukommt. Als wesentliche Feststoffherde
sind hierbei vor allem die Gerinnesohle sowie die Seitenhänge zu nennen. Da
die Hangstabilität massgeblich von der Eintiefung der Gerinnesohle beein-
flusst wird, kommt der Beurteilung der Sohlstabilität eine besondere Bedeu-
tung zu.

In Fällen, in denen die Stabilität der natürlichen Sohle nicht ausreicht,
um ein definiertes Schutzziel einzuhalten, besteht die Möglichkeit, erosions-
begrenzende Sohlenbauwerke zu realisieren. Hierbei ist in den letzten Jahren
die Nachfrage an gewässerökologisch verträglichen Lösungen stark gestiegen.
Dieser Forderung wird mit der Entwicklung und Realisierung von morpholo-
gienahen Sohlenbauwerken (z.B. aufgelöste Blockrampen) entsprochen. Er-
kenntnisse bezüglich der Sohlenmorphologie und Stabilität natürlicher Struk-
turen sind daher für die Ableitung von Bemessungsgrundlagen für naturnahe
Sohlstabilisierungsmassnahmen von zusätzlichem Interesse.

Die Zielsetzung der vorliegenden Arbeit ist an beiden Themengebieten
ausgerichtet. Zu diesem Zweck wurden an der Versuchsanstalt für Wasser-
bau, Hydrologie und Glaziologie (VAW) der ETH Zürich physikalische Mo-
dellversuche durchgeführt. Auch wenn die Sohlstabilität im Blickpunkt der
vorliegenden Untersuchung steht, so lässt das komplexe Zusammenspiel zwi-
schen Sohlenmorphologie, Fliessfeld, Fliesswiderstand, sowie der Entstehung
der strukturierten Sohle, eine isolierte Betrachtung der Stabilität nicht zu.

Ein wesentliches Resultat der vorliegenden Untersuchung ist die Erkennt-
nis, dass die massgebenden Prozesse durch das Auftreten verschiedener geo-
morphologischer Skalen beeinflusst werden. Je nach vorhandenen Randbedin-
gungen treten diese Skalen sowohl in der Natur als auch in der Versuchsrinne
auf.
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Zusammenfassung

Flussabschnitts-Skala: Sohlenfixpunkte beeinflussen die Entwicklung des
Sohlgefälles innnerhalb eines gesamten Flussabschnittes. In der Ver-
suchsanlage ist dieser Fixpunkt durch eine Schwelle am Rinnenauslauf
gegeben.

Makro-Skala: Die Makro-Skala ist durch Abfolgen von Schnellen-Hinter-
wasser-Sequenzen (riffles and pools) charakterisiert, die in geraden Gerin-
nen im Zusammenspiel mit wechselseitig an der Berandung liegenden
Schrägbänken auftreten.

Meso-Skala: Die Meso-Skala zeichnet sich durch Sohlenformen aus, die aus
der Gruppierung von grösseren Sohlelementen entstehen. Sequenzen
dieser Sohlenformen werden häufig als Stufen-Becken-Abfolgen (steps
and pools) bezeichnet.

Mikro-Skala: Die Mikro-Skala bezieht sich auf das einzelne Korn. Bei brei-
ten Kornverteilungen ist der massgebende Prozess in der Mikro-Skala
die Ausbildung einer Deckschicht.

Bisherige Untersuchungen konnten das Potenzial der Standardabweichung
als Rauigkeitsparameter bei groben, strukturierten Deckschichten aufzeigen.
Das vorliegende Forschungsprojekt bestätigt diese Ergebnisse für die Beschrei-
bung der Rauigkeitsstruktur in der Meso-Skala. Es hat sich jedoch gezeigt,
dass Unsicherheiten auftreten, wenn sich verschiedene Rauigkeitsskalen über-
lagern. In der vorliegenden Arbeit wird daher auf die Frage eingegangen
über welche Länge die Standardabweichung bestimmt werden muss, um die
Rauigkeit in der massbegenden Skala zu bestimmen.

Neben der Wirkung auf die Rauigkeitsstruktur besitzen die geomorpho-
logischen Skalen einen Einfluss auf den Fliesswiderstand. Die Ergebnisse
zeigen, dass der Fliesswiderstand vorwiegend durch die Rauigkeitsstruktur in
der Meso-Skala bestimmt wird. Trotzdem müssen die anderen geomorpho-
logischen Skalen berücksichtigt werden, da sie einen Einfluss auf die meso-
skalige Geometrie besitzen. Im Rahmen der vorliegenden Untersuchung wird
eine Fliesswiderstandsbeziehung angegeben, die diesem Umstand Rechnung
trägt.

Auch bezüglich der Sohlstabilität wird ein Modell vorgeschlagen, das den
Einfluss der verschiedenen geomorphologischen Skalen berücksichtigt. Dieses
Modell besagt, dass ein Fliessgewässer in jeder vorhandenen Skala ein Selbst-
stabilisierungspotenzial besitzt. Ausgehend von den Ergebnissen der vor-
liegenden Studie wird daher eine Beziehung vorgeschlagen, anhand derer der
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Zusammenfassung

Zusammenhang zwischen dem Selbststabilisierungspotenzial in jeder Skala
sowie den dabei auftretenden Sohleneintiefungen gegeben wird.

Die Nachbildung der natürlichen Morphologie durch gebaute Stufen-Becken-
Systeme ist eine Möglichkeit für eine naturnahe Sohlstabilisierung. Die Ergeb-
nisse des vorliegenden Forschungsprojekts haben gezeigt, dass es für eine
Beurteilung der Stabilität wichtig ist, ob man eine einzelne Stufenstruk-
tur oder die einen grösseren Flussabschnitt betrachtet. Bemessungskriterien
für die einzelne Stufen müssen sich an den vorhandenen Versagensmechanis-
men orientieren. Diese wiederum sind stark abhängig von der individuellen
Beschaffenheit des Bauwerks. Demgegenüber lässt sich die Beurteilung der
Stabilität eines Flussabschnittes mit den gleichen Konzepten durchführen,
wie sie für die natürlichen Sohlen vorgeschlagen werden.

In diesem Zusammenhang liefert die vorliegende Arbeit einen Vergle-
ich zwischen der Stabilität natürlicher sowie gebauter Strukturen. Hierbei
hat sich gezeigt, dass die Stabilität einzelner, nachgebauter Stufenstrukturen
nicht die Stabilität ähnlicher, natürlich entwickelter Stufen erreichte. Im
Gegensatz dazu konnten bei der Betrachtung eines Flussabschnittes ähn-
liche Stabilitäten beobachtet werden. Dieses lässt sich darauf zurückführen,
dass im Falle einer Zerstörung einer einzelnen Stufenstruktur, Stufen- plus
Untergrundmaterial das Potenzial haben eine Restabilisierung durch Ausbil-
dung einer strukturierten Sohle herbeizuführen. Für die Dimensionierung
von aufgelösten Blockrampen kann diese Erkenntnis wichtig sein, da der Bau
von im Überlastfall gutmütig reagierenden Bauwerken von grosser Bedeutung
ist.

Neben der Möglichkeit Stufenstrukturen nachzubauen, lässt sich anhand
der Ergebnisse des vorliegenden Forschungsprojekts der gefundene Zusam-
menhang zwischen Morphologie, Abfluss, Stabilität und Sohleintiefung nutzen,
um die Sohle eines Baches zu stabilisieren. Hierbei wird dem entsprechenden
Flussabschnitt wildbachtypisches Material zugegeben, so dass sich unter hy-
draulischer Belastung eigendynamisch eine natürliche Stufen-Becken-Struktur
ausbilden kann. Eine Bemessung anhand der Messresultate der vorliegenden
Arbeit ist möglich.
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Chapter 1

Introduction

Flood events in mountainous regions have caused significant damages in
Switzerland during the recent years. For example in the year 2000, a flood
in the cantons of Ticino and Valais killed 16 people and brought damages
in the range of 670 million Swiss Francs. Consequently, there is a consider-
able demand for the quantification of flood risks in mountain streams and
torrents. This demand is manifested in the Federal Law on Flood Protection
that came into effect on January 1st, 1993. Its purpose is to protect human
lives and objects of value against the damaging effects caused by water.

A basic requirement for the realisation of this objective is a correct eval-
uation of the risk associated with the significant processes. In case of steep
open channels, mobilised and deposited sediment plays a key role. For ex-
ample, for the flood in the year 2000, 2/3 of the damages can be attributed
to sediment based processes (BWG, 2002). In this respect, a better under-
standing of the processes influencing the mobilisation of sediment out of the
channel bed and hillslopes represents an issue of great importance.

Bed erosion is associated with various interacting factors with respect to
topography, geology, hydrology and vegetation. Zeller (1972) showed that
in Switzerland those regions are mostly endangered by steep open channels
which are characterised by

• a steep topography,

• a high probability of occurrence of heavy rainfall events sometimes
superposed by snow melt, and

• a geology characterised by fragile rocks underlain by almost imperme-
able substratum as e. g. clay stones.

In the context of hazard assessment, risk is defined by the combination of
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Chapter 1 Introduction

the probability of occurrence of some ruinous event and the related damage
(Archetti and Lamberti, 2003).

Whereas the probability of occurrence is mainly determined by natural
phenomena, the susceptibility to damage is dependent on the density of pop-
ulation and infrastructures. In the Alps humans have settled on alluvial fans
of torrents since historical times because the higher terrain level in relation
to the level of the main valley provides a certain protection against floods of
the main valley river. Obviously, those settlements (located on alluvial fans)
are more susceptible to floods of the torrent. Due to growing urbanisation
during the last decades, the alluvial fans nowadays are practically completely
occupied by human settlements and the torrent channel on the fan is often
channelised.

Eroded and transported sediment tends to deposit in reaches of the chan-
nel where gradient and consequently transport capacity are small. Thus,
during extreme events with excessive bedload supply from upstream, an al-
luvial fan represents a favored deposition zone. In a channelised river the
tolerable deposition volume is very small, hence, inundations that have a
high potential to cause damage, are likely to occur (Bezzola et al., 1996).
Figure 1.1 shows a photograph of the locality Brig, canton of Valais that is
located on the alluvial fan of the Saltina-torrent. In 1993, deposition of ma-
terial within the narrow, channelised bed of the Saltina-torrent caused severe
inundations in the town.

The purpose of the present research project is to contribute within the
field of torrent bed stability. More exact information about what discharges
are capable of mobilising significant amounts of sediment in steep open chan-
nels would help to carry out appropriate hazard assessments.

In order to prevent river bed degradation engineered solutions, such as
check dams, block ramps, or bed sills, are often applied. Although these
structures proved their efficiency to inhibit incision, they are often negatively
assessed in terms of their ecological impact. As the demand for sustainable
and ecological river training nowadays attracts more importance, intensive
research is currently focusing on the design of nature-oriented man-made
structures (Thomas et al., 2000; Lenzi, 2002; Palt and Dittrich, 2002; Hengl
and Stephan, 2003; Vogel, 2003; Semadeni et al., 2004). These man-made
bed stabilisation measures should fulfill both, the ecologic and the stabilising
demand. As these two demands are often influencing each other adversely,
an optimisation is required. An increased understanding of the morphology
and the stability of natural beds may facilitate appropriate design of nature-
oriented river training techniques.

2
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The present study is structured as follows: In Chapter 2, a short overview
of the main characteristics of steep open channels is given. The Chapters 3,
4, 5, and 6 contain the literature review, where the main issues affecting the
bed stability in steep open channels are discussed. These issues are the bed
morphology, the flow field, and the flow resistance.

The transition from the description of existing works to the results of
the present study is given in Chapter 7, where the state-of-the art is shortly
summarised, followed by a concretion of the goals and methods of this study.
The physical model, including the measuring system and the dimensional
analysis are outlined in Chapter 8. In Chapter 9, the data analysis is de-
scribed with a focus on the stability issue. However, as bed morphology,
flow field, flow resistance, and bed stability are closely interrelated with each
other, all these issues will be considered. A summary of the results and an
outlook conclude the work in Chapter 10. The appendix contain a photo-
graphic documentation of the experiments as well as a link to the applied
data set.

Figure 1.1: Saltina torrent - Sediment deposits in Brig evoked by the flood
event in 1993 (Photo: VAW).
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Chapter 2

Characteristics of Steep Open
Channels

2.1 Introduction

Mountain streams and torrents differ from lowland streams in several impor-
tant respects. Two differences may be accentuated. First, physical processes
in mountainous regions are characterised by high dynamics due to a sig-
nificantly higher energy potential. Secondly, the multitude of interrelating
processes produces a great variability of all apparent hydraulic and mor-
phologic features (Montgomery and Buffington, 1997; Trainor and Church,
2003).

Several delineation factors serve to distinguish between lowland streams,
mountain streams and torrents. Some of those will be discussed in the fol-
lowing sections. Additionally, this chapter introduces to the geomorphology,
hydraulics and stability of steep open channels.

2.2 Channel gradient

As gravity provides the force by which both water and sediment are trans-
ported from higher to lower elevation, slope is one of the main parameters
controlling the physical processes in mountainous regions. Although it is ob-
vious that the complex conditions in rivers are not sufficiently described by
one single parameter, channel gradient is often used for delineation purposes,
because it can be assessed reasonably.
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As early as 1925, Bernard (in Koulinski, 1994) proposed a classification
scheme based on channel gradients:

S < 1.5% Mid- and lowland streams
1.5% < S < 6% Mountain streams

S > 6% Torrents

Rickenmann (2001) noted that in Europe the term ’torrent’ is often used
for high gradient streams steeper than about 5%. Bathurst (1985) describes
mountain streams in the range from 0.4% < S < 5%, so torrents exhibit
gradients larger than 5%.

2.3 Roughness scale

In close connection to the channel gradient, the roughness scale is suited to
delineate between mountain streams and lowland streams. In contrast to
slope, the roughness scale additionally accounts for the hydraulic conditions
within a river reach. The roughness scale is determined by the relative sub-
mergence and the relative roughness, respectively. Relative submergence is
defined as the ratio of mean flow depth to a characteristic bed material size
h/d, whereas relative roughness is defined by the reciprocal, d/h (Fig. 2.1).

h

h

h

d

d

d

: Relative submergence

: Relative roughness

Figure 2.1: Definition of relative roughness and relative submergence.

The roughness scale determines to what extent bed morphology affects
flow field and energy dissipation. For this purpose, three different roughness
scales are usually distinguished: small-scale, intermediate-scale and large-
scale. Delineations proposed by different authors are shown in Table 2.1.
For small-scale roughness (as in low- and midland rivers), the effect of bed
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2.4 Geomorphology

morphology on flow field and water surface is small. In contrast, in steep
open channels roughness-scale is large, and therefore, hydraulics are strongly
influenced by large boulders with sizes in the same order of magnitude as flow
depth even at high flow rates. For these conditions, the flow resembles more a
jet and wake type rather than a shear flow type (Bray, 1982). Consequently,
Bray (1987a) proposes a classification that distinguishes between jet and
wake flow and shear flow respectively:

h/d84 < 1.6 Jet and wake flow
1.6 < h/d84 < 5.3 Transition to jet and wake flow
5.3 < h/d84 < 10.5 Transition to shear flow

h/d84 > 10.5 Shear flow

The different hydraulic behaviour of river reaches with variable roughness-
scales imply serious consequences. The open channels investigated within
the present thesis deal with conditions attributed to large-scale roughness.
Therefore, considerations that base on the assumption of shear flow condi-
tions do not possess a fundamental physical background.

Author Small-scale Intermediate-scale Large-scale
Bathurst et al. (1981) h/d84 > 4 1.2 < h/d84 < 4 h/d84 < 1.2
Bray (1982) h/d90 < 3
Maynord (1991) h/d90 > 10 3 < h/d90 < 10 h/d90 < 3

h/d50 > 15 5 < h/d50 < 15 h/d50 < 5

Table 2.1: Delineations of roughness scales.

2.4 Geomorphology

Longitudinal stream profiles in mountainous regions usually do not exhibit
a smoothly varying slope but reaches of alternately steeper and flatter slope
associated with shallower and deeper flow sections respectively (e.g. Leopold
et al., 1964; Ashida et al., 1981). These changes in slope are a fundamen-
tal characteristic of almost all rivers, but are especially pronounced in steep
boulder-bed channels (Leopold et al., 1964). Consequently, several authors
recognise that the successions of steep-, and gentle-gradient segments are
found in a wide range of geomorphologic scales. In Figure 2.2, a categorisa-
tion of these scales is suggested, similarly to the classification proposed by
(Grant et al., 1990). Additionally, Figure 2.2 shows the typical length scales
of the features in channel widths, W.
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Reach-scale

Macro-scale

Meso-scale

Micro-scale

1
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10  W

10  -  10  W

Figure 2.2: Scales and typical lengths in channel widths (see also Grant et al.
(1990)).

At the smallest scale (micro-scale), the focus is on small, individual bed
particles. The accumulation of the largest bed elements results in organised
bedforms (meso-scale). In high-gradient channels, these bedforms are often
situated approximately transverse to the direction of flow. Successive groups
of boulders are separated by plunge pools, so these river segments are often
called step-pool-systems. Within the macro-scale, successions of steeper and
flatter sections often correspond to bar features. In straight channels, these
bar features are usually located alternately at the channel banks. The transi-
tions between the bars are characterised by steeper slopes, whereas along the
bars flatter flow reaches are usually observed. In the reach-scale the geomor-
phologic features refer to landforms rather than bedforms and are triggered
by processes affecting the whole catchment.

In the following sections, the geomorphologic characteristics of the differ-
ent scales are discussed in more detail.

2.4.1 Reach-scale

In a reach-scale, the drainage basin of a torrent or mountain stream can be
divided schematically into upper, middle and lower reach (Figure 2.3). This
classification is often superposed by other classifications concerning valley
form, sedimentology, geology or others (Hodel, 1993).

The upper reach of a torrent is usually characterised by steep hillslopes.
In the hillslopes, precipitation turns into runoff and the water is caught by
surface and subsurface discharge. The sediment stored in the hillslopes is

8



2.4 Geomorphology

mobilised due to rill erosion or large scale events, as e. g. landslides. In the
middle reach the torrent has often carved steep-sided V-shaped valleys into
the mountainsides. In these ravines, the gradients are high on average, but
successions of steep and flat sections may occur, due to local pivot points
evoked by bedrock outcrops, large landslides or local accumulations of large
boulders supplied for example by debris flows or tributaries (Ashida et al.,
1981). In the lower reach sediment tends to deposit due to the smaller gra-
dients and, in some cases, spreads out into an alluvial fan.

 middle 
 reach 

lower 
reach 

upper 
reach 

Figure 2.3: The geomorphology of a torrent in the reach-scale.

2.4.2 Macro-scale

According to Leopold and Wolman (1957) river channels possess three char-
acteristic fluvial morphologies: straight, meandering and braided. Bar struc-
tures alternately located on both banks inducing a horizontal oscillation of
the channels thalweg may be a fundamental prerequisite for meandering or
braiding (Leopold et al., 1964; Richards, 1976), hence, they can be considered
as a transition bed form from a straight channel to meandering or braiding.
The horizontal oscillation is usually accompanied by successions of steep and
gentle gradient sections. These successions produce a vertical oscillation of
the bed and the corresponding bed features are usually denoted as riffles and
pools.
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Several authors (Leopold and Wolman, 1957; Anderson et al., 1975; Parker,
1976; Jäggi, 1983; da Silva, 1991) presented delineation criteria for the dif-
ferent channel forms depending on the main parameters which are channel
width, W , flow depth, h, channel gradient, S and a characteristic grain size
diameter, dc. Figure 2.4 shows exemplarily the widely used diagram pro-
posed by da Silva (1991). Zarn (1997) analysed data from flume experiments
and proposed a modification of the line delineating the transition between
alternate bars and straight channels. The modified criterion is illustrated in
Fig. 2.4 by a dashed line.

Figure 2.4: Delineation diagram of da Silva (1991) with the modifications
(dashed line) proposed by Zarn (1997) - from Marti and Bezzola (2003).

2.4.3 Meso-scale

Within the meso-scale, a variety of different bed features forming alternating
steeper and flatter sections are described in literature. The steeper sections
are associated with steps, whereas the flatter sections are reaches between the
steps. In alluvial channels, steps are formed by pebbles (d< 64 mm), cobbles
(d< 256 mm) or boulders (d> 256 mm) (e.g. Leopold et al., 1964; McDon-
ald and Banerjee, 1971; Laronne and Carson, 1976; Koster, 1978; Hayward,
1980). In addition, steps may be formed by bedrock outcrops (e.g. Hayward,
1980; Wohl and Grodek, 1994; Duckson and Duckson, 1995; Wohl, 2000;
Duckson and Duckson, 2001) or in forested regions by woody debris (e.g.
Keller and Swanson, 1979; Heede, 1981; Wohl et al., 1997; MacFarlane and
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2.4 Geomorphology

Wohl, 2003; Curran and Wohl, 2003; Faustini and Jones, 2003; Gomi et al.,
2003).

Considering alluvial steps, sediment movement of the larger bed elements
is a precondition for step development (Whittaker and Jäggi, 1982; Ashida
et al., 1984; Grant and Mizuyama, 1991; Rosport, 1997). Although all step
features are formed by an accumulation and interlocking of particles, they are
usually distinguished with respect to their size and composition. Therefore,
the step type is mainly dependent on the mobility of the sediment fractions,
which is a function of the available sediment and the stream power (channel
gradient and discharge) to move this sediment.

For a correct understanding of step-pool sequences, an important delin-
eation was proposed by Grant et al. (1990). They distinguished two main
units: the subunit and the channel unit. Whereas the subunit focusses on
the individual step, the channel unit considers successions of several steps
and pools. Although a variety of different subunit step types possibly occur
within the channel unit, categorisations within the channel unit are possible
because the appearance of a torrent to the human eye is dictated by the
largest steps which are in the same order of magnitude as the flow depth.
However, due to the variable conditions a universally valid classification on
the subunit scale is almost impossible.

The difference between channel unit and subunit may be underlined us-
ing an example with transverse ribs: Transverse ribs are described as step
structures mainly formed by pebbles (d< 64 mm) or cobbles (d< 256 mm)
(McDonald and Banerjee, 1971; Laronne and Carson, 1976; Koster, 1978).
Considering the channel unit, sequences of transverse ribs are mainly de-
scribed and observed in gravel-bed rivers. In boulder-bed channels, trans-
verse ribs may also occur in the subunit scale, but here, they are usually
superposed by larger step structures that determine the channel unit type.
Thus, considering a step formed of pebbles or cobbles, in a gravel-bed river
it would be classified as a transverse rib structure, whereas in a boulder-bed
channel it would be identified as a substructure. Obviously these considera-
tions are valid not only for transverse ribs, but also for all other step types.

Classification schemes for the channel unit have been proposed by several
researchers (Grant et al., 1990; Schälchli, 1991; Whiting and Bradley, 1993;
Montgomery and Buffington, 1997). These classifications usually base on
a delineation of the channel gradient. Grant et al. (1990) showed that a
uniform nomenclature is not in use, so the same terms are often used for
different kinds of bed features (which is also valid for the schemes proposed
after 1990). The main reason for the perplexing and imprecise nomenclatures
is that other factors in addition to stream gradient such as sediment supply,
drainage basin properties, bed rock and riparian vegetation play an important
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Plane bed 

d : 0.5 - 0.7 m 
Slope S: 0.015 - 0.05 

Cascade 
Slope S: 0.015 - 0.07 
d : 0.6 - 0.9 m 

Step height H: up to 0.7 d 

Step - pool, Type A
Slope S: 0.035 - 0.125 
d : 0.9 - 1.2 m 
Step height H: up to 1 d 

max 

max 

max 

max 

Step - pool, Type B
Slope S: 0.09 - 0.30 
d : 1.1 - 2.0 m max 

Step height H:1-2.5 stone layers

Boulder glide
Slope S: 0.12 - 0.49 
d : 1.3 - 5.0 m max 

max 

Figure 2.5: Classification of meso-scale structures according to Schälchli
(1991). The english nomenclature is taken from Montgomery and Buffin-
gton (1997).
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role for the channel form development.
In order to clarify the nomenclature used within the present thesis, the

classification scheme proposed by Schälchli (1991) is shown in Fig. 2.5. The
english terms are taken from Montgomery and Buffington (1997).

2.4.4 Micro-scale

The accumulation of grains is a principle physical process of sediment trans-
port. As long as the bed features are composed by small particles in relation
to flow depth, they may be attributed to the micro-scale. The transition
from substructures in the meso-scale to micro-scale bed features depend on
flow stage and may coincide with the transition from intermediate to large
scale roughness. In addition, the subjective decision of the observer is part
of the delineation process.

2.5 Hydraulics

In flows with large-scale roughness, some roughness elements may protrude
through the water surface depending on flow stage. The local relation be-
tween the size of a boulder d and the flow depth h implies geometric and
hydraulic consequences. Geometrically, the ratio h/d determines whether a
boulder acts as cross-section forming element or not (Figure 2.6). This re-
sults in an extreme variation of the effective cross-sections in space and time
and the definition of a representative cross-section becomes ambiguous. Con-
sequently, methods basing on the definition of a representative cross-section
are hardly applicable to torrents.

Figure 2.6: Variable cross-section depending on the flow stage (Rosport,
1997).
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In a hydraulic sense, the local conditions of h/d largely influences the
turbulent flow field and therefore, the energy losses in the vicinity of the
roughness elements. In addition, the roughness structure, such as the rela-
tive position of one boulder to another, leads to superpositioning of vortices
resulting in a very complex and irregular flow field (Brayshaw et al., 1983;
Buffin-Belanger and Roy, 1998; Lawless and Robert, 2001) with spatially and
temporally high variations in flow velocities, flow depths, air entrainment,
water-surface slopes and energy gradients.

The effects of the relative positions of the roughness elements among one
another on the flow field have been considered by Morris (1959) in an idealised
way. He classified three distinct basic regimes of turbulent flow (Figure 2.7).

Wake-zone 

Isolated roughness flow

Quasi–smooth flow

Wake-interference flow

Figure 2.7: Flow conditions according to Morris (1959) - from Bezzola (2002).

In the figure above, isolated roughness elements are located in such a
way that the flow in the vicinity of the element is not influenced by the
wake zone of the above element. This flow is called isolated roughness flow.
If the roughness elements are located closer together, the flow is a type of
wake-interference flow. In this flow, the wake behind a roughness element
may extend to the next element. Consequently, the individual effects behind
each roughness element are not additive as in the case of isolated roughness
flow because the energy dissipation phenomena associated with each wake
will interfere with those at the adjacent elements. In the third case, the
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2.6 Bed stability and sediment transport

roughness elements are spaced so closely that they form a more or less smooth
pseudo-wall composed of the element crests with enclosed pockets of fluid.
Consequently, this flow is termed quasi-smooth flow.

The roughness spacing in connection with the flow stages lead to the
classifications proposed by Peterson and Mohanty (1960). They classified
three different types of flow regimes in steep, rough open channels: tranquil,
tumbling and rapid flow. The tranquil flow occurs in reaches at low discharges
with small roughnesses or lower slopes (Figure 2.8 c). In the tumbling flow
regime, supercritical flow over the roughness elements followed by individual
hydraulic jumps may be observed (Figure 2.8 a). At rapid flow the hydraulic
jumps disappear due to the high momentum and the flow appeared to skim
over the roughness elements with supercritical velocity (Figure 2.8 c).

Tumbling flow Transition Tranquil / Rapid flow

a b c

Figure 2.8: Flow regimes according to Peterson and Mohanty (1960) - from
Bezzola (2002).

Under field conditions, the roughness elements interact in a very complex
way with each other. Following this, these classifications base on idealised
considerations.

Although not advantageous to hydraulicians, the complex interactions
between bed morphology and flow field are the essential framework for most
aquatic habitat. Dynamic equilibrium, vortices, non-uniform velocity fields,
scour holes and other micro-scale geomorphologic features are desirable to
aquatic features (Merwald, 2001; Rhoads et al., 2003).

2.6 Bed stability and sediment transport

A fundamental characteristic of rivers with a widely graded grain size distrib-
ution is the potential for self-stabilisation by developing coarse armour layers
that protect the underlying material from erosion (e.g. Gessler, 1965, 1970;
Günter, 1971; Dittrich, 1998). Grain sizes in mountain streams and torrents
cover a wide range from sand to large boulders of several meters in size. As
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these beds are extremely stable under usual flow conditions, sediment trans-
port is mainly controlled by the availability of sediment (e.g. Leopold et al.,
1964; Whittaker and Jäggi, 1982; Lenzi et al., 2004). Sediment for transport
is derived from a few localised sites in the torrents catchment and inputs into
the channel are usually of a bulk or unsteady nature (Whittaker, 1987). The
main sources for sediment supply are external inputs, such as bank erosion,
surface erosion of bare slopes, landslides, debris flows or supply by tributaries
(Ashida et al., 1981).

An important parameter for hazard assessment and effectiveness in fluvial
geomorphology is the recurrence interval of the bankforming flow conditions.
In gravel-bed rivers that are not dominated by large-size particles, recurrence
intervals are specified in the order of two to five years (Petit and Pauquet,
1997; Emmett and Wolman, 2001; Thompson, 2001). In step-pool streams,
the recurrence interval of bedforming discharges are larger. Assuming that
the dominant discharge is associated with the destabilisation of the largest
bed elements, which is in analogy to observations in channels with gravel-
bed material (Günter, 1971), the recurrence intervals are specified between
50-100 years (Hayward, 1980; Chin, 1998).

Estimates on recurrence intervals comprise two main inaccuracies. First,
there is a major lack of generally accepted approaches to determine the sta-
bility of step-pool channels. The second main inaccuracy is to relate the
critical discharge of a channel bed to the flow frequency. Because stream
gauges in small watersheds are seldom, other techniques are often applied as
e. g. regional relationships or rainfall frequency-duration analysis. In this
connection, Jakob and Jordan (2001) highlighted the importance to include
geomorphic processes in the flood frequency studies of mountain streams.
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Chapter 3

Bed Morphology

As relative roughness is large in steep open channels, physical mechanisms
related to flow resistance, stability and sediment transport are dictated by
the bed morphology (e.g. Whittaker, 1987). Therefore, an adequate descrip-
tion of bed morphology is an important component regarding an improved
understanding of the physical processes involved. In addition, the bed mor-
phology gives information about the morphogenesis of steps and pools, which
in turn is directly linked to bed stability.

The following chapter provides a literature review concerning the descrip-
tion of the structure and the origin of macro- and meso-scale bedforms ob-
served under field and laboratory conditions.

3.1 Macro-scale bedforms

3.1.1 Roughness geometry

In bed load carrying channels, meso-scale bedforms, such as e. g. steps and
pools, are sometimes superposed by macro-scale bedforms. These bar struc-
tures are mainly observed and described for gravel-bed streams with riffle-
pool sequences (e.g. Leopold et al., 1964; Richards, 1976; Knighton, 1984;
Thompson, 2001).

Figure 3.1 shows an example of a channel section with a riffle-pool se-
quence in a straight gravel-bed channel. The gravel bars are located alter-
nately on the sides. Each bar extends from a pool at the upstream end to a
diagonal front at the downstream end. The riffles are located at the transition
between the bars. Generally, the bed slopes of the riffle sections are steeper
than the reach-averaged value and are charaterised by small flow depths and
high flow velocities, whereas the pools are gently sloping sections with large
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flow depths and low flow velocities (e.g. Wohl et al., 1993). Although riffle-
pool sections are often treated as an individual type of bedform, Parker and
Peterson (1980) noted that sequences of pools and riffles are nothing more
than the expression of successive diagonal bar structures. The alternating
location of the bars leads to a quasi-meandering tendency of the flow in the
channels thalweg. These tendencies are especially pronounced during low
flow, whereas during high flow the bars may be submerged.

Bar

Bar

Riffle Pool

Bar

λλ λ

PoolPoolRiffle Riffle 

Figure 3.1: Definition sketch for the successions of macro-scale bed features
typically observed in gravel-bed rivers.

The most significant feature of the riffle-pool geometry is the wavelength, λ.
The wavelength is defined as the spacing of successive pools or riffles (Figure
3.1). Several attempts have been made to correlate wavelength to chan-
nel width. Average pool-to-pool (or riffle-to-riffle) spacings have been doc-
umented throughout the world at repeating distances equal to five to seven
bankfull widths (Leopold et al., 1964; Richards, 1976; Keller and Melhorn,
1978; Knighton, 1984; Thompson, 2001). This proportionality needs to be
viewed against the background that both channel width and spacing distance
are inherently variable even in short river sections (Montgomery et al., 1995).
Data from Keller and Melhorn (1978) and Thompson (2001) exhibit the great
variability of individual spacings between successive riffles and pools ranging
from 1.5 to 28 channel widths.

A meandering tendency of the flow with alternate bars located at the
banks has also been described for straightened river reaches with gravel-sized
bed material (Jäggi, 1983, 1984; Ikeda, 1984). For these type of streams,
comparable values of the average wavelengths in relation to channel width
have been reported Ikeda (1984).

Several researchers noted that the existence of riffle-pool sequences is
largely independent of the material in the channel. This is demonstrated by
their occurrence in bed rock as well as in alluvial and even in supraglacial
streams (Leopold et al., 1964; Keller and Melhorn, 1978). However, as width
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is often constricted in steep open channels, riffles and pools in connection
with alternate bars tend to be absent from or poorly developed in boulder-
bed streams (Knighton, 1984). Even for cases where width is available, the
variable course often inhibits a rhythmic development of bar features. Nev-
ertheless, bar features as well as meandering tendencies have also been de-
scribed for boulder-bed channels (Leopold et al., 1964; Zeller, 1967; Grant
and Mizuyama, 1991; Wohl, 1992; Wohl et al., 1993; de Jong, 1995).

Depending on the range of grain sizes present, riffles tend to have coarser
bed material than pools, indicating the presence of local sorting mechanisms
(Richards, 1976; Keller and Florsheim, 1993). In gravel-bed rivers, this pat-
tern is expressed by the fact that boulders occur on the riffles whereas the
adjoining pools may be quite free of any larger components. Contrary, in
boulder-bed channels with macro-scale bed features, large boulders may be
observed in all parts of the channel independent on bar location (de Jong,
1995; de Jong and Ergenzinger, 1995; Rosport, 1997).

In gravel-bed or boulder-bed streams, bars are formed almost exclusively
at flood stages. Hence, for most purposes, the bar structure as a whole can
be considered to be static at all flows but the highest (Parker and Peterson,
1980). More general, Knighton (1984) noted that the degree of riffle-pool
development varies with bed material size relative to the dominant flow con-
ditions in a reach since the ability of a stream to modify its bed depends on
the mobility of the available material and therefore the frequency with which
competent flow occurs.

3.1.2 Origin of the bed features

The interaction among dominant discharge, sediment transport and channel
form has encouraged several researchers to formulate different hypothesis
that seek to explain the formation of riffle-pool-sequences.

Analogy to meandering

As riffle-pool sequences have often been viewed as a pre-stage of meander-
ing, it is obvious to extend theories that have been advanced to explain
the reasons and processes for meandering to riffle-pool sequences. Leopold
et al. (1964) found a similarity in spacing of the riffles in both straight and
meandering channels and suggested that the mechanisms which create the
tendency for meandering are also present in straight channels. Meandering
is mainly associated with lowland rivers where Froude-numbers are usually
small (Fr < 0.5). However, flume experiments showed that the formation of
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meanders can also be observed for Fr >1 (Zeller, 1967). In order to distin-
guish between the different meander forms, Zeller (1967) named the meanders
observed at higher Froude-numbers “pseudomeanders”.

The dispersion and sorting theory

Yang (1971) explained the origin of riffles and pools by the theory that
streams minimise their time rate of potential energy expenditure per unit
mass of water. Besides this holistic consideration, Yang ascribed the devel-
opment of riffles to a dispersion effect. As on the riffles the local energy
gradient is higher than on average, there is a high rate of shearing. Conse-
quently, Yang suggests that at the riffles, the bed elevation would increase
with the migration of coarse material to the surface. However, Whittaker
(1982) noted that these effects could only occur, when the bed is in a state
of general shearing motion to a considerable depth, i.e. debris flow conditions
prevail. Debris flow processes, in turn, do not occur in gravel-bed rivers as
the channel gradients are too small.

Theory of velocity reversal

One of the most frequently discussed theories in literature is the theory of re-
versal in hydraulic conditions. From a limited number of field measurements
of near-bed flow velocities, Keller (1971) reported that with increasing dis-
charge, there was a greater increase of near-bed velocities in the pools than
in the riffles. He concluded that during high flows the velocity of the pool
exceeds that of an adjacent riffle with the consequence that the pool scours.
This phenomenon is referred to as velocity reversal process. In addition to
the reversal of near-bed velocities (Robert, 1997; Booker et al., 2001), a re-
versal has also been reported for mean velocity (Andrews, 1979; Keller and
Florsheim, 1993), and bed shear stress (Robert, 1997; Booker et al., 2001).

Abundant discussion and scepticism accompanied this theory during the
years. One point of criticism was that the theory explains the mechanism
for maintaining riffles and pools rather than their original development from
an initially plane bed (Whittaker, 1982; Whittaker and Jäggi, 1982; Rosport,
1997). Additionally, Whittaker (1982) noted that the original data of Keller
(1971) just show a velocity equalisation and that the reversal is based on a
questionable extrapolation. Sear (1996) showed that a velocity or bed shear
stress reversal was not present at high flows for all cases. In particular,
there is little evidence for a reversal in the pool tail, where sediment must be
transported out of the pool. A formation mechanism is proposed by Clifford
(1993). From field measurements, Clifford (1993) distinguished three distinct
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stages in the formation process. At the initial stage, large coherent flow
structures, evoked by a stable obstacle, locally scour a single pool feature.
This in turn leads to deposition downstream, which finally generates the next
downstream irregularity. Thompson et al. (1999) noted that the velocity
reversal raises an inconsistency with the one-dimensional continuity of mass
equation. Following this, they suggested a model of pool maintenance that
bases on constriction of flow by recirculating eddies at the centre of the pool
and flow divergence over the exit-slope of the pool.

3.2 Meso-scale bedforms

Step-pool geometry can be described by a number of morphometric features.
The examination of geometrical attributes is often used to evaluate potential
hypothesis for the morphogenesis of steps and pools. In close connection
to the morphogenesis, the investigation of step-pool geometry is important
because the roughness structure largely influences the physical processes con-
cerning flow resistance, stability and sediment transport. As a consequence,
several researchers focussed on a statistical analysis of the natural step-pool
geometry in order to find correlations between distinct bed features (e.g.
Wohl et al., 1997; Chin, 1999a; Chartrand and Whiting, 2000; Lenzi, 2001;
Zimmermann and Church, 2001; MacFarlane and Wohl, 2003). In addition
to the field studies, some direct observations and measurements of the for-
mation processes and the roughness geometry from flume experiments exist
in literature (Whittaker, 1982; Whittaker and Jäggi, 1982; Rosport, 1997;
Grant and Mizuyama, 1991; Aberle, 2000; Lee and Ferguson, 2002; Crowe,
2002).

3.2.1 Roughness geometry

Step planform

The supply and mobility of the bed material in different sizes determine
the development of bedforms in various scales. Although of fundamental
significance for flow resistance, stability and sediment transport, there is
still a major lack of systematic analyses concerning the influence of the step
type on the physical processes and the interconnection among the different
bedform patterns.

Randomly located single boulders (Figure 3.2 f) can only be treated as
an individual type of bedform, if they are so large that they protrude through
the water even at higher flow rates. This means that they have to withstand
large flood events because otherwise they would have grouped to other types
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of bedforms. More usually, flow energy leads to boulder displacement, which
causes a reorganisation of particles on the river bed into various types of
bedforms. Bedforms of small two-dimensional extension are clusters where
particles are arrested to form bed perturbations on the upstream side of
a stable particle (Figure 3.2 e). These bedform types occur frequently in
coarse alluvial channels with pebble or cobble-sized material (dal Cin, 1968;
Laronne and Carson, 1976; Brayshaw et al., 1983; de Jong, 1995; Lamarre,
2001; Lawless and Robert, 2001). Clusters form in the way that particles are
entrapped in the train of a protruding particle. Thus, there are observations
of point clusters of few particles to straight tails that form parallel to the
direction of flow (dal Cin, 1968).

Figure 3.2: Planform step-types of meso-scale structures.

Figure 3.2 a shows the arrangement of boulders transverse to the direc-
tion of flow. McDonald and Banerjee (1971) described them as a series of
regularly spaced pebble, cobble or boulder ridges extending across the chan-
nel and oriented transversely to current direction. Depending on their size
and extension, they have been termed stone lines, transverse ribs, or steps,
among others (see Chapter 2.4.3). In contrast to transverse structures, sev-
eral authors describe step-orientation as oblique, 70 to 80 degrees (Grant
et al., 1990), or diagonal (Zimmermann and Church, 2001) (Figure 3.2 b).
Grant et al. (1990) and Thomas et al. (2000) observed that some steps form
V-shaped patterns pointing upstream. Hayward (1980) found that boulder
steps are sometimes arranged in a curved line across the channel (Figure
3.2 c).

The combination of stream-lined with transversely orientated arched stone-
lines directly leads to ring or stone cell structures (Figure 3.2 d) observed by
different researchers for cobble-sized bed material (Tait and Willetts, 1992;
de Jong, 1995; Ergenzinger, 1997; Church et al., 1998; Kozlowski and Ergen-
zinger, 1999). Recent observations from flume experiments (see also Chapter
9.2.4) have shown that these structures can also be observed in channels with
bed material typical for boulder-bed streams, and gradients larger than 5 %
(Weichert et al., 2004a; Armanini and Recchia, 2004).
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3.2 Meso-scale bedforms

Representative grain size

In flows with large relative submergence, roughness is well described by a
characteristic percentile of the subsurface grain size distribution. For rela-
tively uniform bed material the medium grain size, dm (see Equation 4.10), is
often used. For gravel-bed rivers with broad grain-size distributions, a char-
acteristic grain size of the coarse part of the subsurface grain size distribution
is usually taken to account for armouring effects (see Chapter 5.6).

In steep open channels with large scale roughness, the roughness structure
determines the flow field, and vice versa. For these channels, where the sizes
of the bed features are in the same order of magnitude as flow depth, the
concept of representative grain size fails, as a single linear dimension basing
on a particle size is insufficient to describe the roughness geometry (Bathurst,
1978; Ergenzinger, 1992; Aberle, 2000; Aberle and Smart, 2003).

Besides practical difficulties performing custom sampling procedures in
step-pool channels, additional inaccuracies for coarse-material channels oc-
cur due to a lack of established methodologies to convert the surface-oriented
sampling procedures into subsurface grain size distributions (Weichert et al.,
2004b). Finally, the grain size distribution of the subsurface material is not
an adequate reference, as in step-pool systems the surface layer is not neces-
sarily a representative image of the subsurface layer due to the large influence
of hillslope processes.

Step length and step height

The appearance of quasi-regular successions of steps and pools in the field
would suggest that characteristic lengths describing the roughness geome-
try should be extracted fairly well, if a detailed measurement of the bed
topography exists. However, an objective recognition of steps and pools
from longitudinal profiles of the bed is difficult due to the variability caused
by substructures (Rosport, 1997; Aberle, 2000; Chin, 2002; Woolbridge and
Hickin, 2002).

Consequently, there seems to be a discrepancy between the visual per-
ception of step-pool systems and the real roughness structure. The human
perception is affected by the quasi-periodic spacing of the largest bedforms
(in the meso- and the macro-scale) which are especially pronounced during
low flows. However, depending on the grain size distribution and bound-
ary conditions, substructures significantly contribute to the total roughness
(Hayward, 1980; Rosport, 1997; Chin, 1998; Crowe, 2002).
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L
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S

Figure 3.3: Definition of step length L, step height H, and bed slope S.

Due to the large variability, field research is usually limited to measuring
the geometric structure of the largest bedforms that determine the visual
perception, e. g. step height, H, and step length, L, as defined in Figure 3.3.

As previously quoted, riffle-pool sequences in gravel-bed rivers show a cor-
relation between pool-to-pool distance and channel width. This encouraged
several researchers to search for step length to channel width correlations in
step-pool systems. However, the processes triggering these features are dif-
ferent, as the morphologic features can be attributed to two different scales.
Consequently, field data from step-pool channels exhibit a large variabil-
ity (Bowman, 1977; Whittaker, 1987; Chin, 1999a; Chartrand and Whiting,
2000; Zimmermann and Church, 2001). Chin (1999a) concluded that a re-
lationship between step length and width is not due to direct causality but
rather that channel width increases with discharge, which she suggested was
the fundamental variable for step length.

Various authors identified a strong inverse relationship between reach-
averaged step length and channel gradient (Judd, 1963; Hayward, 1980; Whit-
taker, 1982; Chin, 1999a; Grant et al., 1990; Wohl and Grodek, 1994; Abra-
hams et al., 1995; Chartrand and Whiting, 2000). Following this, Judd (1963)
proposed an expression to relate a reach-average step length, L, to channel
slope,S

L =
2.67

S0.206
. (3.1)

Using data from New Zealand streams, Whittaker (1987) proposed a si-
milar formula:

L =
0.3113

S1.188
. (3.2)
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Whereas the equation of Judd (1963) was supported by field data of Chin
(1999a), a field study presented in Grant et al. (1990) showed good agreement
with Whittaker’s formula. However, for small gradients the discrepancy of
Equations 3.1 and 3.2 is immense. For example, for a channel gradient of
S = 0.05, Equation 3.1 yields to a step length of L ≈ 5 m, whereas Equation
3.2 results into L ≈ 11 m. As the equations do not contain a scaling of the
step length, their application is limited to the conditions that formed the
basis for their derivation.

The above considerations are in contrast to the results of a flume study
of Crowe (2002) (see also Curran and Wilcock (2005)). In her experiments,
Crowe (2002) visually identified the step locations and could not find a re-
lationship between step length and slope. As the distribution of measured
step lengths followed a Poisson-distribution, Crowe (2002) concluded that
steps do not develop in preferred or regular locations. The observation of a
large range of possible step lengths is in line with the model of Milzow et al.
(2005), who proposed to measure the step length not between two successive
steps but between two subsequent steps with a similar step height.

Figure 3.4 shows the interrelation among the ratio of step length to step
height, L/H, and the channel gradient, S, obtained from several field studies.
For slopes smaller than 10 %, a high variability of L/H-ratios can be recog-
nised. As the data represent reach-averaged values, individual measurement
of step lengths and step heights would even increase this variability due to
both, the local control of the channel boundary on the step geometry and
the subjective character of measuring step length and step height even in a
single step-pool unit (Zimmermann and Church, 2001). This variability may
be explained by the fact that for smaller slopes the stream power provided
by discharge and slope is too small to rearrange the boulders in a regular
pattern, so that the step location is largely dependent on the initial location
of the large boulders or preceding larger events, respectively (Judd, 1963;
Zimmermann and Church, 2001; Weichert et al., 2003; Curran and Wilcock,
2005). At steeper gradients, the provided stream power controls the step-
pool geometry rather than the initial boulder location. As slope increases
the step-pool gradient is forced more strictly to conform with the overall
gradient. This suggests that as slope steepens, the exclusive control of the
step-pool-structures on the dissipation of the flow energy increases. The ob-
servation that step structures become more clearly defined and more regular
at steeper gradients is confirmed by field observations of several researchers
(Judd, 1963; Hayward, 1980; Wohl and Grodek, 1994).

An interesting result can be observed from the measurements of Lenzi
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(2001) before and after a flood event with a recurrence interval in the range
of 30-50 years. Whereas the data before the flood event fits well into the
generally observed trend, the data points show a significant increase of L/H.
Lenzi (2001) attributed this observation to an increase of step length and a
decrease of step height due to filling of the pools with fine sediment. This re-
sult suggests that a succession of smaller flood events is required to rearrange
the geometry.
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Figure 3.4: Correlation between the ratio of step length to step height, L/H,
with slope, S.

Following Figure 3.4, some authors suggested relations between the ratio
of step length to step height, L/H, and the channel gradient, S. The upper
limit in Figure 3.4 of the observed field data seems to be in agreement with
the equation proposed by Abrahams et al. (1995), whereas the lower limit of
Abrahams et al. (1995) seems more to represent an average value for slopes
less than 10 %. These two equations correspond to the theory of maximum
flow resistance which will be discussed in Chapter 3.2.2.

The standard deviation of the roughness heights

Although field studies established correlations between several morphometric
features, the most apparent result is the large observed variability. Accord-
ingly, an appropriate description of the bed roughness structure must account
for the variability, evoked by substructures in different sizes and patterns.
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Figure 3.5: Two longitudinal profiles exhibiting the same mean grain size
dmD of the surface layer but different standard deviations s - from Aberle
and Smart (2003).

The occurrence of substructures in turn depend on the bed material, the
channel gradient, and the magnitude and chronology of the flood events.
As several authors noted, the latter affects the roughness geometry because
substructures may be washed out during smaller flood events, making the
system clearer (Hayward, 1980; Rosport and Dittrich, 1995; Rosport, 1997;
Chin, 1998).

For gravel-bed rivers, Furbish (1987) noted that due the complexity of bed
roughness geometries, an analysis whether two river reaches exhibit a similar
roughness, could not base on a geometrical similarity but on a statistical
similarity, which can be expressed mathematically with:

s2
1 = s2

2 (3.3)

where s2
i denotes the variance of the roughness heights of the longitudinal

profiles i = 1 and i = 2.

Aberle (2000) (see also Aberle and Smart (2003)) successfully introduced
the standard deviation of the bed elevations, s, to describe the roughness
in step-pool systems. From the residuals of slope-detrended longitudinal
profiles (see Figure 3.6 a), the standard deviation of the bed elevations can
be calculated with
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s =

√√√√ 1

nm − 1

nm∑
i=1

(zi − zm)2, (3.4)

where nm denotes the number of measuring points, zi is the elevation of
point i, and zm denotes the mean of the bed elevation level.

Figure 3.5 shows an example taken from Aberle and Smart (2003) which
underlines the superior potential of the standard deviation to describe com-
plex roughness structures. Two longitudinal bed profiles with the same mean
grain size of the armour layer, dmD, but different standard deviations, s, are
shown.
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Figure 3.6: a) The standard deviation of the roughness heights is determined
from a slope-detrended longitudinal profile. b) The length to detrend the
longitudinal profile affects the standard deviation.

As the standard deviation is usually determined from a longitudinal pro-
file of the roughness heights along the surface, the measurement points do not
necessarily cross the top of individual particles or particle clusters. There-
fore, the standard deviation has not a direct physical counterpart in the sense
of Nikuradse’s roughness height or a particle-axis length.

A main advantage of the standard deviation as a measure to describe
roughness is that it needs no reference level (Aberle, 2000; Aberle and Smart,
2003). However, its applicability under field conditions is associated with un-
certainties. One of the basic problems is that the standard deviation depends
on the size of the sample (Butler et al., 2001). This issue is associated with
the occurrence of bed features in different scales. If the purpose is to describe
the roughness in the meso-scale, changes in the channel gradient that do not
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refer to the meso-scale contribute to the residual profile and may adulterate
the result (compare Figure 3.6 b). In addition, the refilling of the pools with
fine material during smaller flood events, as it is described by Whittaker
(1987), may affect the determination of the standard deviation under field
conditions.

Other parameters exist that seek to describe the roughness structure of
boulder-bed channels, as for example the K3-value introduced by Ergenzinger
(1992). Aberle (2000) noted that there exists a functional relationship be-
tween the K3-value and the standard deviation, s. As a consequence, this
parameter is not considered herein in more detail.

Scale independent description of roughness

The recognition that steeper and flatter sections are observed at different
scales (Figure 2.2) and that similar bedforms within the meso-scale occur
in different sizes, suggest to focus on the research field of fractals and their
potential to describe the roughness of profiles or curves.

The theory of fractals was formally introduced by Mandelbrot (1982) and
has experienced wide applications in all physical sciences during the last
years. Fractals are defined as geometric objects that are self − similar
at different scales, i. e. their shape remains the same under any increase or
reduction in scale in any spatial direction. This strict definition has been
extended to the concept of self-affinity which is the common case for natural
fractals (Lakhtakia et al., 1986; Turcotte, 1997). For self − affine objects,
the scale-invariant behaviour is different with respect to different directions.
In case of a perfect self-similarity, the self-similar pattern extends over an
infinite range of scales. However, Mandelbrot (1982) stated clearly that such
a definition cannot apply to natural fractal sets, since these all must have
natural upper and lower limits.

A fundamental property of fractals is the fractal dimension, a noninte-
ger topological dimension of the space that embeds an object with complex
geometry (Bonnet et al., 2001). An illustrative description of the fractal di-
mension is shown in Figure 3.7, where two longitudinal profiles are shown.
In correspondence with the irregularity, the fractal dimension differ between
the two figures. As is generally known, a straight line has the euclidian di-
mension 1. According to the complexity of the line, the fractal dimension
will lie between the dimensions 1 and 2, depending on how much area the
curve fills. This consideration can be extended to describe rough surfaces
where the fractal dimension must lie between 2 and 3, depending how much
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space the area covers (Dubuc et al., 1989).
A variety of methods exist to determine the fractal dimension of a profile

or surface. However, these procedures do not necessarily produce homoge-
nous results (Dubuc et al., 1989; Klinkenberg and Goodchild, 1992; Turcotte,
1997). In self-affine systems, particulary the determination of a global fractal
dimension is affected by the differences evoked by the methods. In contrast,
the analysis of sufficiently small domains of the system could result in con-
gruent values of local fractal dimensions (Lakhtakia et al., 1986).
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Figure 3.7: Fractal dimension to describe the irregularity of a curve. DF was
calculated with the box-counting method (e.g. (Dubuc et al., 1989)).

As a result, the fractal dimension can be regarded as a measure to de-
scribe the irregularity or roughness of a profile or surface. However, for
river engineering purposes, roughness is usually described by a characteristic
length. This, in turn, raise a fundamental contradiction with respect to goal
and method, as one may ask, how to extract a characteristic length in a sys-
tem, which fundamental characteristic is the nonexistence of a characteristic
length ?

It is long established that the bed roughness in gravel-bed rivers possesses
a number of different typical scales (Leopold et al., 1964; Clifford et al., 1992).
Several studies recognised these scales by identifying fractal bands, where the
statistical properties remain self-affine over a range of scales (Robert, 1988,
1991; Butler et al., 2001). Each of these recognised scales have a fractal
dimension. These studies are of importance, as they can be used for a differ-
entiation of grain and form-resistance. Whereas grain resistance is associated
to the individual grain, form resistance in gravel bed rivers corresponds to
microtopographic bed features as e. g. small clusters. These cases, where
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different types of fractal behaviour are observed at different scales, stand
against the original definition of a fractal. Hence, there is an ongoing discus-
sion about the question to what extend these systems could be labelled as
’fractals’ (Butler et al., 2001).

Summarising the considerations of the previous sections, the bed mor-
phology is one of the fundamental parameters for the processes in steep open
channels. However, its quantification remains problematic due to great vari-
ability of the bed features in different sizes and scales. Recently, first attempts
have been made to take a step forward from a descriptive consideration to-
wards a comprehensive parametrisation of the bed morphology.

3.2.2 Origin of the bed features

A major difficulty concerning the origin of steps and pools is that the forma-
tion processes are associated with infrequently occurring flood events. Hence,
observations under field conditions are barely possible and descriptions of the
mechanisms that generate steps and pools refer to flume experiments (Whit-
taker and Jäggi, 1982; Grant and Mizuyama, 1991; Abrahams et al., 1995;
Rosport, 1997; Koll, 2002; Weichert et al., 2003). Besides direct observa-
tions, step-pool geometries measured in the field were often used to discuss
the different theories. In general, no generally accepted theory exists that
conclusively explains the origin of steps and pools.

Several authors discussed theories in the context of steps and pools that
originally were derived for riffles and pools (Whittaker, 1982; Whittaker and
Jäggi, 1982; Rosport, 1997). For these theories it is referred to Chapter 3.1.2.
Principally, an analogy is questionable as step and riffle features correspond
to different scales.

Theory of antidunes

Several investigators attribute the stepped channel morphology to armoured
relicts of antidunes by observating their formation in flume experiments
(Whittaker and Jäggi, 1982; Grant and Mizuyama, 1991; Rosport and Dit-
trich, 1995; Rosport, 1997) or by analysing field measurements of step pool
geometry (Judd, 1963; Chin, 1999b; Chartrand and Whiting, 2000).

As early as 1963, Judd hypothesised that the regularity of the spacing
between steps may be analogous to the formation of antidunes. This as-
sumption was confirmed by an investigation of Whittaker and Jäggi (1982),
which can be regarded as the starting-point for the intensive discussion of
the antidune-model in step-pool systems. Within a flume, they observed that
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step-pool formation is associated with a combination of antidune formation
and armouring effects. However, a direct connection between well developed
step-pool structures and antidunes has not been described by Whittaker and
Jäggi (1982). At slopes smaller than 7.5 %, the development of classic an-
tidunes was observed, but at low flows, the structure resembled more a riffle-
pool rather than a step-pool system. For slopes in excess of 7.5 %, Whittaker
and Jäggi (1982) reported that the location of the large bed elements and
the armouring process tends to dominate the antidune aspect.

Rosport and Dittrich (1995) distinguished two mechanisms (see Figure
3.8) in the context of antidune formation. In tests where the largest particles
were almost immobile, large boulders acted as anchor for additional coarse
material that formed a step that fixed the antidunes crest. Where flow energy
was large enough that all grain fractions are mobile, the antidunes were
more distinct and the anchoring started in the through between two features,
where coarse material accumulates forming an initial step (see Figure 3.8).
An initially formed step then alters the local flow field in such a way that
immediately an adjacent pool scours.
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Figure 3.8: Antidune formation according to Rosport (1997).

However, the irregularity of step lengths observed in flume experiments
and in the field is not consistent with the regular development of wave trains
associated with the antidune formation. Crowe (2002) (see also Curran and
Wilcock (2005)) observed that step forming grains deposit on the first un-
dulation of an antidune wave train to form a step. The remainder of the
antidune train washes out, so that the redevelopment of antidunes depends
on the structure and stability of the existent step. However, in the experi-
ments of Crowe (2002), this mechanism made-up only a small portion of all
formation events. In correspondence with other investigations (Whittaker
and Jäggi, 1982; Rosport and Dittrich, 1995; Rosport, 1997), Crowe (2002)
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recognised that for fine material more distinct antidunes developed than for
coarse material.

The antidune theory originally have been derived for sand-bed rivers by
Kennedy (1963). The mathematical derivation of this theory base on the
assumption for potential (irrotational) flow over a two-dimensional bed. As
these assumptions are approximations for the flow in sand-bed rivers, they
are hardly extendable to step-pool channels, even under idealised conditions.
From Kennedy’s considerations results a diagram where the Froude-number
of the flow, Fr, and the wavenumber, kw = 2π/L, define a region of antidune
formation (see Figure 3.9). Herein, L, denotes the wavelength of the bedform
and h is the flow depth. The region of antidune formation is described by

Frmax =

(
1

kwh

)0.5

(3.5)

and

Frmin =

(
tanh(kwh)

kwh

)0.5

. (3.6)

These boundaries often have served as a basis for the extension of the
antidune theory to boulder-bed channels.

Figure 3.9 shows flume data (Whittaker and Jäggi, 1982; Rosport, 1997)
and field data (Chin, 1999b; Chartrand and Whiting, 2000). The figure
reveals that most of the data points fall within or close to the domain of
antidune formation. The data points of Chin (1999b) and Chartrand and
Whiting (2000) rely on measurements of step-pool geometry in the field, and
seem to support the antidune theory. However, the antidune theory seeks to
explain the formation of steps and pools out of a plane bed which is a hypo-
thetical bed conditions that has no exact counterpart in nature. In addition,
the reconstruction of the bedforming conditions is difficult, as appropriate
approaches are lacking.

Generally, the flow energy in relation to the grain mobility determines
the controlling mechanisms for step-pool development. Following this, the
question whether the antidune-theory is right or not, is the question under
which conditions a possible formation of antidunes influence the mobility
of grains in such a strong manner that antidunes can be attributed as the
relevant mechanism for step development.
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Figure 3.9: Region of antidune formation according to Kennedy (1963). The
flume data is from Whittaker and Jäggi (1982) and Rosport (1997), the field
data from Chin (1999b) and Chartrand and Whiting (2000).

Hypothesis of critical flow constraints

An interesting hypothesis was formulated by Grant (1997) for mobile-bed
streams. Basing on measurements in sand-bed streams, he postulated that
the interactions between the channel hydraulics and the bed configurations
prevent the Froude-number from exceeding one for more than short temporal
and spatial units. Grant (1997) fleshes out this theory by listing evidence
from literature for different kinds of rivers ranging from sand-bed rivers to
step-pool channels.

Steps and pools as response to the roughness structure

It is generally accepted that steps form when the larger bed elements deposit
to form anchors where other particles could accumulate (Judd, 1963; Hay-
ward, 1980; Zimmermann and Church, 2001; Crowe, 2002; Weichert et al.,
2003; Comiti, 2003; Curran and Wilcock, 2005). This mechanism is addi-
tionally influenced by the magnitude of the sediment transport. Grant and
Mizuyama (1991) observed from flume experiments that step formation was
inhibited when additional sediment was added. The authors concluded that
large particles never come to rest at the bed due to frequent grain-to-grain
collisions and due to the development of alternate bars. Contrary, Crowe
(2002) performed a set of flume experiments and observed also for live-bed
conditions the development of steps and pools. In total, she investigated 374
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3.2 Meso-scale bedforms

step forming events, and delineated the steps with respect to the step forming
mechanism. Listed with respect to their frequency of occurrence, these are:

Obstacle (50 %): A step-forming bed element lodges against an immobile
obstacle on the rough bed surface.

Mound (25 %): The bed surface occasionally develops a series of mounds
or antidunes downstream of an existing step. Large bed elements may
deposit at the upstream side of the first antidune, forming the starting
point of the development of the next step.

Knick-point (20 %): When an existing step breaks up, a knick-point can
form and migrate upstream until it encounters either a pool of an up-
stream step or a large, immobile grain in the bed. The large grain
arrests the knick point, and a new step develops around the newly
exposed grain.

Re-emergent (5 %): Localised bed surface erosion occasionally reveals a
previously buried step.

Zimmermann and Church (2001) considered the high variance of morpho-
metric features to be indicative of random effects dominating the formation
of step-pool morphologies. They observed that steps form around immobile
key stones. As the processes are too complex to describe the boulder location
in a deterministic way, the step location depend on the random location of
an immobile boulder.

Theory of maximum flow resistance

From experimental data with evenly spaced steps, Abrahams et al. (1995)
suggested that steps adopt towards an arrangement in which flow resistance
is maximised. This arrangement can be expressed by the range

1 <
H/L

S
< 2. (3.7)

Comparison with Figure 3.4 shows that only part of the field data lie
within this range. Additionally, the data of Lenzi (2001) clearly demonstrate
that this criteria is only suitable for streams which have experienced several
smaller flood events (Comiti, 2003).
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Chapter 4

Flow Field

4.1 Introduction

Flow in natural open channels is generally turbulent. Turbulent flow is char-
acterised by the continuous generation and dissipation of vortices that are
associated with the exchange of momentum. This exchange of momentum
evokes high energy loss. Hence, the description of the flow field is essential
for the understanding of flow resistance and energy dissipation. Additionally,
the flow pattern is important with respect to the bed stability, as near bed
velocities mainly determine the initiation of sediment movement.

Turbulent energy is extracted from the mean flow by means of strong
interactions among large-scale eddies, which contain most of the turbulent
energy. According to Nezu and Nakagawa (1993), these coherent structures
can be divided into bursting phenomena that occur close to the bed and
large-scale vortical motion that may also appear in the outer regions. Near-
bed flow field is additionally influenced by the interference between the fluid
and the particles protruding into the flow producing accelerations, deflections
and vortex detachments.

In rivers that are characterised by small-scale roughness, these different
kinds of turbulent motion interact between each other and interfere with the
mean flow. In boulder-bed rivers, with boulders in the same order of mag-
nitude as flow depth, the direct interaction between the roughness elements
and the flow by vortex shedding is the dominating source of turbulence. Fur-
thermore, these flows are affected by the free surface, where air entrainment
processes have a significant influence.
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Figure 4.1: Layers of the turbulent flow field over a rough channel bed.

The flow over rough beds with small relative roughness can be divided
into an outer region, an inner region and a subsurface region (Figure 4.1).
The inner region in turn consists of the logarithmic layer and the roughness
layer. With respect to the double-averaging approach (see Chapter 4.2), it
is reasonable to subdivide the roughness layer into a layer above and below
the roughness crests (Nikora et al., 2001; Aberle and Koll, 2004). According
to Nikora et al. (2001) these sublayers are denoted as form-induced sublayer
and interfacial sublayer.

For the present, the point of origin in Figure 4.1 is defined at an ambiguous
level in the subsurface layer. By defining the water depth as the distance
h = zF − zT , the inner region usually occupies the space of (z− zT )/h < 0.15
to 0.20. The thickness of the roughness layer, zRo = zR − zT , depends on the
shape, exposition and geometric arrangement of the roughness elements but
is independent from the relative submergence (Dittrich et al., 1996; Bezzola,
2002; Koll, 2002). Consequently, several authors state an analogy between
large-scale roughness flow and the near-bed conditions in flows with small-
scale roughness (e.g. Nikora et al., 2001). Above natural, irregular surfaces,
the thickness of the roughness layer, zRo, can reach values twice the medium
grain size, dm (Bezzola, 2002). For artificial roughness elements with height
k, the ratio zRo/k is usually smaller (Dittrich et al., 1996; Koll, 2002; Bezzola,
2002).

Following the subdivision of the roughness layer, Nikora et al. (2001)
proposed different flow types depending on the relative submergence, h/k,
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4.1 Introduction

where k again represents the roughness height.

Flow type 1: Flow with large relative submergence h� k, where all layers
are present.

Flow type 2: Flow with small relative submergence (2 − 5) k > h > 1 k,
where the form-induced sublayer is the upper layer.

Flow type 3: Flow over partially inundated rough bed (h < k), with the
interfacial sublayer as the upper flow region.

The large discrepancy between maximum and minimum discharge in steep
open channels (Qmax/Qmin = 150− 200) shows that even for the same stream
different flow types exist depending on the flow stage (Bezzola et al., 2004).

The flow in step-pool systems is mainly of type 3 as classified above, where
the outer region and the logarithmic layer are not and the form-induced layer
is barely existent even at high flow rates. Following this, in the present study,
it is renounced to present a complete derivation of the equations correspond-
ing to the flow-types 1 and 2. For a detailed description it is referred to
Schlichting (1960); Dittrich (1998); Bezzola (2002) or Koll (2002). However,
a short description of the principle equations is necessary, as they often form
the basis for flow resistance equations in flows with large-scale roughness.

In the following considerations, the cartesian coordinate system is used
as shown in Figure 4.2. The flow field is determined by the coordinates of
place x,y,z, and the velocity components can be described with u,v,w.

α
x

z

y

u

w

v

Figure 4.2: Coordinate system.
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Chapter 4 Flow Field

4.2 Navier-Stokes equations

4.2.1 Time-averaged Navier-Stokes equations

Describing turbulent flow in mathematical terms, the flow is usually sepa-
rated into a mean motion and into a fluctuation. Denoting the time-averaged
component of the velocity u in x-direction by ū and its fluctuation by u′, the
velocity components and the pressure can be expressed by:

u = ū+ u′, v = v̄ + v′, w = w̄ + w′, pp = p̄p + p′p. (4.1)

A feature of fundamental importance for the turbulent motion is that the
fluctuations u′, v′, w′ influence the mean motion ū, v̄, w̄ in such a way that
the latter exhibits an apparent increase in the resistance to deformation. In
other words, the presence of fluctuations manifests itself in an apparent rise
in the viscosity of the mean motion. This increased apparent viscosity of
the mean stream forms the central concept of all theoretical considerations
of turbulent motion (Schlichting, 1960).

For two-dimensional uniform flow, the Reynolds equations form the basis
for the derivation of the logarithmic velocity distribution. Integrated in the
z-direction, they can be written as:

ρgsinα(h− z) = ρν
∂ū

∂z
− ρu′w′. (4.2)

In Equation 4.2, ρ is the density of water, g denotes the acceleration due
to gravity, z represents the vertical component of flow, h is the flow depth,
ν is the kinematic viscosity, and α represents the angle of inclination (see
Figure 4.2).

The term on the left-hand side represents the total shear stress, τ , which
balances the component of the static weight of the fluid per unit area. The
first term on the right-hand side is the laminar shear stress τl and the second
term on the right hand-side is the turbulent shear stress τt. For the types
of flow considered in the present thesis, the turbulent shear stress usually
exceeds significantly the laminar component, so the latter may be omitted
with a good degree of approximation (Schlichting, 1960):

τ = ρgsinα(h− z) = −ρu′w′. (4.3)

This equation is only of use, if a relationship between the turbulent term
and the mean motion can be established. This relationship is the main con-
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4.2 Navier-Stokes equations

cept of the well-known mixing length theory proposed by Prandtl (1933). His
approach results into the universal logarithmic velocity distribution

ū(z)

U∗
=

1

κ
lnz + const, (4.4)

where ū denotes the time-averaged velocity, U∗ = (ghS)0.5 is the shear
velocity, and κ represents the von-Kármán-constant, that usually equals 0.4.

4.2.2 Double-averaged Navier-Stokes equations

According to Bezzola et al. (2004), two limiting cases can be distinguished in
mountain rivers: At flood discharges, when relative submergence is large, the
time-averaged velocity distribution can be approximated by a uniform flow
over a rough wall. Hence, approaches using the Reynolds-equations can be
used to describe the flow field. At low flows, relative submergence is in the
order of 1, and the time-averaged velocity distribution is determined by the
individual roughness elements resulting in a 3D flow pattern which is fixed
in space. In torrents, the flow depth is in the same order of magnitude as
the roughness elements, even at high flow rates. Therefore, a purely time-
averaged consideration is not sufficient.

Following this, recent investigations on flows with large-scale roughness
base on the double-averaged Navier-Stokes equations, i. e. averaged in the
temporal and the spatial domain (Nikora et al., 2001; Aberle and Koll, 2004).

In analogy to the time-averaging procedure, the instantaneous velocities
and pressure can be subdivided into a spatial and a temporal mean 〈ū〉, 〈p̄p〉,
as well as into a spatial and temporal fluctuating term, i. e. ũ, p̃p and u′, p′p:

u = 〈ū〉 + ũ+ u′ (4.5)

pp = 〈p̄p〉 + p̃p + p′p. (4.6)

In accordance to the Reynolds-stresses that are derived through time-
averaging of the Navier-Stokes equations, so called form-induced stresses
(Aberle and Koll, 2004) result from the spatial averaging procedure. As the
flow field below the roughness crests is intersected by roughness elements, it
must be distinguished between the double-averaged Navier-Stokes equations
above and below the roughness crests. More detailed descriptions of the cor-
responding equations are given by Nikora et al. (2001); Koll (2002); Aberle
and Koll (2004).
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Chapter 4 Flow Field

4.3 Turbulent velocity profile over rough beds

The derivation of the universal logarithmic law, as presented in Equation 4.4,
base on hydraulic smooth wall conditions. Although an abundance of mea-
surements have indicated that the logarithmic velocity profile is also present
in rough open channel flows, a major difficulty arises from the definition of
the near-wall conditions that largely influence the logarithmic profile. The
generalised form of Equation 4.4 for rough bed conditions is (Nikuradse,
1933):

ū(z)

U∗
=

1

κ
ln

(
z

ks

)
+Br (4.7)

where Br denotes a constant and ks is the equivalent sand grain roughness
that will be addressed in more detail later in this section.

The determination of the parameters in Equation 4.7 is not conclusive, as
there is a certain lack of knowledge of the involved processes in the vicinity
of the bed. Hence, measured velocity profiles above rough beds can be fitted
to Equation 4.7 by (Bezzola, 2002)

• variation of the von-Kármán-constant, κ, which influences the logarith-
mic gradient,

• variation of the hydraulic roughness, ks, and the constant, Br, respec-
tively, which have an influence on the velocity values over the whole
flow depth, and

• variation of the bed reference level (z =0), which affects the form of
the logarithmic profile near the bed.

As a conclusion, for natural rough beds, no single equation can be derived
that covers a wide range of flow conditions. Assuming κ to be a universal flow
constant, the universal velocity law can be extended to rough-bed conditions,
only if a bed reference level (z = 0) is determined and if the equivalent sand
grain roughness, ks, is quantified.

4.3.1 Reference level

The irregularity of the bed results in locally varying distances between the
bed and the water surface, i.e flow depth is not constant. Following this,
the difficulty to define a bed reference level is more pregnant for flows with
large-scale roughness than for small-scale roughness. An approach commonly
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4.3 Turbulent velocity profile over rough beds

applied for rough, irregular surfaces is the concept of the geometric bed level,
introduced by Schlichting (1936). For this approach, the reference level is de-
termined by the level that arises if all roughness elements were melted to form
a smooth surface. This results in a constant flow depth which corresponds
to an average bed shear stress.

A second approach is to determine the theoretical bed level such that
the logarithmic velocity law gives the best fit to the experimental data (e.g.
Bayazit, 1976). This procedure is only reasonable when ks is clearly defined
as in the case of artificial roughnesses attached to a smooth surface. Results
are summarised for example in Bayazit (1982), who demonstrated that the
distance of the theoretical bed level below the tops of the roughness elements
varies in the range of (0.15 − 0.35)k, where k denotes the roughness height.

4.3.2 The concept of the equivalent sand roughness

In an early work on the resistance problem, Nikuradse (1933) examined flows
through pipes lined with sand. In each case, the sand was well sorted to a
definite grain size. Consequently, roughness is sufficiently described by a
roughness height k which is equivalent to the diameter of Nikuradse’s sand
grains. These investigations led to the concept of ’equivalent sand-grain
roughness height’ ks, so that ks = k. Nikuradse (1933) found that for rough
turbulent flow the unknown constant Br of Equation 4.7 equals 8.5. Rough
turbulent flow exists, when the particle Reynolds-number Re∗ exceeds 70.
The particle Reynolds-number is defined as

Re∗ =
U∗ks

ν
. (4.8)

Besides Nikuradse’s studies, Schlichting (1936) was one of the earliest in-
vestigators, who measured the resistance of surfaces with roughness elements
attached to a surface. He recognised that not only the roughness height but
also the roughness pattern must be specified to describe roughness properly.
In case of three-dimensional patterns, Schlichting (1936) defined the rough-
ness density, ck, by the ratio of the sum of the upstream projected areas of
the roughness elements N · A⊥ to the floor area A (see Figure 4.3-a):

ck =
N · A⊥
A

. (4.9)

The effects of three-dimensional roughness configurations on the flow are
shown in Figure 4.3-b. In case of discrete roughness elements, a maximum
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ks-value is obtained at approximately ck = 0.20 − 0.25. This maximum value
for ks equals 3.5 − 4.0 k, depending on the element shape.
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Figure 4.3: a) Definition sketch for the roughness density and b) The inter-
relation between roughness density and the ratio of ks to k (from Dittrich
and Koll (1997)).

Figure 4.3-b demonstrates that shape, size, and pattern of the roughness
elements have a significant influence on the resistance of the flow. Of course,
this effect is more pronounced for flows with large relative roughness than for
small relative roughness. Referring to Figure 2.7, small roughness densities
correspond to isolated flow conditions whereas large roughness densities per-
tain to quasi-smooth flow conditions. As a conclusion, the maximum effect of
roughness on the flow in Figure 4.3 can be attributed to the wake-interference
flow.

Several researchers have adopted a similar solution for naturally developed
channel beds by giving a connection between the equivalent sand roughness
of Nikuradse, ks, and a geometrical description of the bed roughness. Usually,
a characteristic grain size of the subsurface material is used in place of the
Nikuradse’s grain height. This is reasonable for streams containing relatively
fine, well-sorted sediment but has been applied in the same way to flows with
large relative roughness (compare Table 4.1). The mean grain diameter, dm,
listed in Table 4.1, was defined by Meyer-Peter and Müller (1948)

dm = Σ(diΔpi). (4.10)

Herein, di is the average size of the particles in the fraction i and Δpi is
the portion of this fraction.
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4.4 Flow type 1: Small-scale roughness

Author ks Relative submergence h/d, R/d

Garbrecht (1961) d90 R/d90 >15
Leopold et al. (1964) d84 1 <h/d84 <10
Engelund and Hansen (1966) 2 d65 sand-bed rivers
Kamphuis (1974) 2 d90 5 <h/d90 <200
Thompson and Campbell (1979) 4.5 d50 2 <h/d50 <3
Hey (1979) 3.5 d84 1 <h/d84 <100
Bathurst (1985) d84 h/d84 <2
Graf and Altinakar (1998) d50 R/d50 <10
Dittrich (1998) 3.5 dm gravel
Dittrich (1998) 3.5 d84 coarse gravel

Table 4.1: Connection between equivalent sand roughness ks and characteris-
tic grain size dc for different relative submergences. h denotes the flow depth
and R is the hydraulic radius.

For gravel bed rivers with small relative submergences, a value of d84 or
d90 is proposed in most of the cases. This can be attributed to the fact, that a
coarse portion of the grain size distribution represents best an effective grain
size of the armour layer, dmD (Meyer-Peter and Müller, 1948; Günter, 1971).
However, the values for the hydraulic roughness, ks, summarised in Table 4.1
refer to conditions, where skin friction is the predominant factor affecting the
flow resistance and the influences of roughness geometry on the flow field are
relatively small. Additionally, Table 4.1 shows that a variety of characteristic
grain sizes has been proposed. Nevertheless, as the same type of rivers often
exhibit similar shapes of the grain size distribution, characteristic grain sizes
could be approximately converted into each other. Bray (1987b) suggested
the following relations:

d90 = 2.1 d50, (4.11)

d90 = 1.6 d65, (4.12)

d90 = 1.1 d84. (4.13)

4.4 Flow type 1: Small-scale roughness

The following considerations refer to conditions of flow type 1, as defined in
Chapter 4.1, i. e. flow depth is large compared to the roughness heights. For
these conditions, the effects of roughness on the flow are comparatively small.
Therefore, the velocity distribution in the inner region is well described by
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the logarithmic velocity distribution of Equation 4.7.

In the outer region the velocity distribution can be described by a modi-
fied logarithmic law, where a wake function is added to the logarithmic term
(Coles, 1956). For the purpose of calculating average mean velocity, it is
often assumed with an acceptably small error that the velocity varies log-
arithmically throughout the flow depth (Wiberg and Smith, 1991). As the
outer region is not existent for flows in steep open channels, a detailed de-
scription is neglected within the present thesis.

4.5 Flow type 2: Large-scale roughness

The following considerations concern the flow in the form-induced sublayer,
which is mostly equivalent to flow with large relative roughness (flow type
2). More detailed information can be found for example in Dittrich (1998),
Bezzola (2002), or Koll (2002).

Investigations, both in the field and in the laboratory, revealed a discrep-
ancy between measured velocity profiles and those predicted from Nikuradse’s
equation. The main reason is that the individual roughness elements gen-
erate secondary flows that interfere with the main flow and hence, largely
influence the velocity distribution (Dittrich, 1998; Bezzola, 2002).

Figure 4.4 shows velocity profiles measured by Bayazit (1976) in flows
over half spheres with a diameter d = 23 mm. The dimensionless veloci-
ties ū(z)/U∗ are plotted on the abscissa, and the relative submergences, z/d,
are shown on the ordinate. The figure reveals that for a given elevation,
the dimensionless velocities decrease with decreasing relative submergence,
which corresponds to a steepening of the semi-logarithmic profile in Figure
4.4. Bayazit (1976) concluded that the logarithmic law could only be used,
when the values for κ and Br in Equation 4.7 were adapted with respect to
the relative submergence.

As discussed in Chapter 4.3, several ways exist to account for the differing
conditions within the roughness sublayer. Fits to the logarithmic velocity
distribution can be adopted by

• a variation of the von-Kármán-constant κ,

• an inclusion of a correction term,
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4.6 Flow type 3: Separated turbulent flow

• a variation of the bed reference level (z =0), and

• a variation of the hydraulic roughness ks.
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Figure 4.4: Velocity profiles measured by Bayazit (1976) depending on rela-
tive submergence h/d - from Bezzola et al. (2004). ū denotes the time-average
velocity, U∗ is the shear velocity, and z is the height above the reference level.

The first three points mainly concern the velocity distribution in the vicin-
ity of the bed. Although they differ with respect to the physical interpre-
tation, their mathematical effect is similar. A major difference is whether
the von-Kármán-constant, κ, should be treated as universal flow constant
with κ = 0.4 (Bezzola, 2002; Bezzola et al., 2004), or varies with the relative
submergence (Bayazit, 1976; Koll, 2002).

For flows with small relative submergence, the thickness of the roughness
sublayer, zRo, has been put forward as a measure to describe the roughness
(Bezzola, 2002; Koll, 2002; Bezzola et al., 2004). This is advantageous, as
zRo is independent from relative submergence, i. e. can be obtained directly
from measurements at low flow conditions.

4.6 Flow type 3: Separated turbulent flow

Flow in the interfacial sublayer is mainly determined by separations at the
roughness elements which are interrelating among each other in a complex
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way. According to Leder (1992), the wake zones in two-dimensional flows
can be subdivided with respect to the separated shear layer (Figure 4.5):

Class a: One-sided shear layer development,

Class b: Two-sided shear layer development,

Class c: Axial-symmetric shear layer development.

xR

Class a:  Obstacle 

Class b: Cylinder

Class c:  Sphere 

k

xR

Class a:  Step 

k

Figure 4.5: Wake zone types - according to Leder (1992).

Separated flow of Class a would approximately reproduce the flow con-
ditions for the case that steps and pools are considered in an idealised way.
However, as bedforms occur in different forms and sizes (see Chapter 3.2.1),
a three-dimensional flow field with complex interactions of vortex shedding
of class a, b and c exists under natural conditions. Consequently, a detailed
understanding of the turbulent flow field in step-pool systems seems to be
almost inaccessible.

Several studies focussed on the investigation of two-dimensional flow fields
behind single obstacles or successions of obstacles in regular distances. Two
of the classical cases are the flow down a backward-facing step (e.g. Tropea,
1982; Armaly et al., 1983; Tropea and Gackstatter, 1985; Bravo and Zheng,
2000) or the flow around and above a single obstacle as for example a hemi-
sphere or a prismatic obstacle (e.g. Flammer et al., 1970; Paola et al., 1986).
These studies mainly focus on the drag coefficient, CD, the reattachment
length, xR, and the turbulent flow field in and behind the separation zone.

48



4.6 Flow type 3: Separated turbulent flow

In separated flows the location of the point of separation largely influences
the shape and the flow within the wake zone, and consequently also the
drag. The location of the point of separation is fixed for sharp-edged bodies,
whereas for bodies with curved geometries, it is mainly a function of (Tropea,
1982; Blevins, 1984; Leder, 1992):

• Reynolds-number,

• surface roughness of the body exposed to the flow,

• degree of free stream turbulence,

• flow depth and Froude-number, and

• relative location of the element to its neighbours.

Drag coefficient

A body exposed to turbulent flow experiences fluid forces that vary in time
and space. Usually, these forces are divided into a component parallel to
the mean flow, the drag force FD, and a component perpendicular to the
mean flow, the lift force FL. The sum of these forces is a measure for the
flow resistance imposed on the body. In general, fluid dynamic drag can be
considered to be the sum of skin friction drag and pressure drag. Whereas
skin friction drag acts parallel, the pressure drag is applied perpendicular to
the surface of the body (Blevins, 1984). Usually, in turbulent flow with high
Reynolds-numbers, the pressure drag exceeds significantly the skin friction
drag.

The drag force, FD, as defined by Schlichting (1936), is

FD =
1

2
CDρU

2
∞A⊥ (4.14)

and correspondingly the lift force, FL, results from

FL =
1

2
CLρU

2
∞A⊥. (4.15)

Herein CD and CL are the drag and lift coefficient respectively, ρ is the
water density and U∞ the approach velocity. A⊥ denotes the upstream pro-
jected area of the roughness element. The location of the point of separation
largely determines the distribution of the pressure acting on the structure.
In addition, it influences the shape of the wake zone, which in turn is respon-
sible for hydrodynamic forces acting on the backward side of the structure.
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As point of separation and drag are interrelated, the factors influencing the
point of separation are equivalent to the factors influencing the drag.
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Figure 4.6: The effect of the Reynolds-number on the drag coefficient a.)
for different obstacle shapes and b.) for different surface roughnesses (from
Blevins (1984)-modified).

The impact of the Reynolds-number on the drag coefficient is shown in
Figure 4.6-a. Here, the Reynolds-number is defined as Re = U∞DL/ν, where
DL denotes a characteristic length of the structure, as e.g. the diameter of
a sphere. The kinematic viscosity of the fluid is denoted with ν. The most
striking feature in Figure 4.6-a is the rapid decrease of the drag coefficient at a
critical Reynolds-numbers (Blevins, 1984). This behaviour (”drag crisis”) can
be attributed to a change from laminar to turbulent flow conditions within
the boundary layer. This change is associated with a shift of the point of
separation further downstream, resulting in a sudden decrease of the drag
coefficient.

In addition to the geometry, the surface roughness of the body exposed to
the flow has a significant influence on the drag coefficient as shown in Figure
4.6-b. The rougher the bodies surface, the easier the switch from a laminar
to a turbulent boundary layer. This in turn is associated with smaller values
for the critical Reynolds number.

In accordance to the effect of surface roughness, even small variations in
the degree of free stream turbulence can cause a shift of the point of separa-
tion (Leder, 1992). Free stream turbulence supplies additional energy to the
boundary layer and therefore, pressure gradients are overcome easier. Again,
this results in a downstream movement of the point of separation, and in a
decrease of the drag coefficient.
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4.6 Flow type 3: Separated turbulent flow
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Figure 4.7: The influence of relative submergence and Froude-number on the
drag coefficient (Flammer et al., 1970) - modified.

Flammer et al. (1970) investigated the drag characteristics of hemispheres
in finite flow fields with free surface effects. Figure 4.7 illustrates the effects
of Froude-number and relative submergence on the drag coefficient for the
flow over a hemisphere at Reynolds-numbers between 104 and 105. According
to Figure 4.7, three distinct domains can be distingushed:

• Region of pronounced free surface effects (h/k <1.6, Fr <1.5): The
drag coefficient CD varies with Froude-number and relative submer-
gence.

• Region of moderate free surface effects (1.6< h/k < 4.0, Fr < 1.5): The
drag coefficient CD varies with Froude-number, relative submergence
and Reynolds-number.

• Region of negligible free surface effects (h/k > 4.0, W/(2k): The drag
coefficient CD mainly varies with Reynolds-number.

Herein, k denotes the radius of the hemisphere, h the flow depth, and W
the channel width.

An additional important observation from Flammer’s investigations con-
cerns the drag crisis phenomenon. Whereas for infinite flow fields with
spheres as roughness elements, a rather prominent decrease of the drag co-
efficient can be observed (Figure 4.6), the hemispheres in a finite flow field,
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Chapter 4 Flow Field

as considered in Flammers study, show a more gradual decrease of CD at the
critical Reynolds number.

Reattachment length

Since the parameters influencing the drag coefficient are mainly a result of a
variation of the point of separation, the above considerations are valid in a
similar way to an analysis of the reattachment length, xR (see Figure 4.5).
In general, a downstream shift of the point of separation is associated with a
shortening of the reattachment length. A comparison between the reattach-
ment length of an isolated obstacle with a characteristic distance between
subsequent bed features may be used to evaluate the flow conditions with
respect to the classification proposed by Morris (1959) (compare Figure 2.7).
Besides of the influencing factors discussed above, the free stream turbulence
does not only affect the point of separation but also the interaction between
the free flow and the wake zone. This results in a high exchange of momentum
which leads to a decrease of reattachment length.

4.7 Interconnection between the flow field and

the geomorphologic scales

In addition to the spatial scales (discussed in Chapter 2.4), there exist also
temporal scales that have to be taken into account when considering the flow
field of steep open channels. At a small temporal scale, at-a-site fluctuations
of velocity are produced by the turbulent motion. In contrast, large temporal
scales may be attributed to changes in the flow stage. In general, natural
flows in steep open channels are characterised by an extremely spatial and
temporal variability. Therefore, field and flume investigations of the flow
structures in mountain streams and torrents are very limited in number and
the systematic investigation of the flow conditions in steep open channels is
still at an initial stage.

4.7.1 Macro-scale

At low flow stages, the flow structure on the riffles and in the pools is mainly
determined by the bed morphology in the meso- or the micro-scale. Hence,
depending on the location, the considerations of the Chapters 4.4 - 4.6 may
give a link for the existent velocity distributions. However, riffle and pool
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4.7 Interconnection between the flow field and the geomorphologic scales

units are short, so the establishment of uniform flow conditions is not nec-
essarily the case. At high flow stages, the differences in the flow parameters
between riffle and pool sections decrease (see also Chapter 3.1.2). Depending
on the relation between the flow stage and the size of the macro-scale bar
features, this may correspond to a change of the dominating scale.

Most of the field investigations in gravel-bed rivers with riffles and pools
focussed on the examination of velocity time-series (Clifford and French, 1993;
Kirkbride, 1993; Robert et al., 1993). These studies revealed systematic
differences within the structure of the time-series that are indicative that
turbulence is evoked by near-bed obstacle-derived vortices rather than other
types of coherent structures.

4.7.2 Meso-scale

Measurements in riffle-pool reaches revealed that velocity fluctuations are
mainly generated by near-bed vortex shedding, rather than other types of
coherent structures (Kirkbride, 1993; Clifford and French, 1993). This should
also hold for step-pool channels because relative roughness even increases.

The flow structure in step-pool channels depends on the flow stage (Chin,
2003). Contrary to the macro-scale, this dependency is not attributed to a
change of the dominating geomorphologic scale but a change in the turbu-
lence generating process. As defined by Peterson and Mohanty (1960) (see
Chapter 2.5), flow in mountain streams can be classified into tranquil, tum-
bling, transition and rapid flow. The flow field for the tumbling flow is mainly
characterised by successions of sub- and supercritical flow sections, i. e. the
flow accelerates above a step, plunges into a pool, and is decelerated in the
pool by means of a hydraulic jump. At higher flow stages, the hydraulic
jumps may drown out and the steps change their function from a hydraulic
control structure towards a large scale roughness element. This transition
is accompanied by significant variations behind the step with respect to the
turbulent flow field and the energy dissipation process. As a consequence, at
low and intermediate flow stages, an essential part of the energy is dissipated
by the hydraulic jumps behind the step features, whereas energy expendi-
ture becomes more uniform between the cross-sections as discharge increases
(Stüve, 1990).

Field measurements of velocity distributions suffer from the principle
drawback that representative locations for the measurement of local veloc-
ity distributions are difficult to determine. Usually, a spatial classification
is made with respect to measurements upstream from a step, at a step and
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downstream from a step (in the pool) (Lee, 1998; Wohl and Thompson, 2000).
However, even within these spatially defined stream sections, the variability
is so large that it is barely possible to determine representative locations.
Hence, the few existing investigations that base on measurements at few se-
lected points could not express the spatial variability in step-pool systems
(Lee, 1998; Wohl and Thompson, 2000; Wilcox and Wohl, 2003). Never-
theless, they form the starting-point for a better understanding of flow in
step-pool channels.

0 0 0
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Above step: decelerating flow; amplified turbulence

At step: accelerating flow; suppressed turbulence

Below step: hydraulic jump; roller eddies

Figure 4.8: Velocity profiles in a step-pool channel measured by Wohl and
Thompson (2000).

Figure 4.8 shows exemplarily vertical velocity profiles measured by Wohl
and Thompson (2000) in the thalweg of a step-pool channel. The maximum
considered discharge was associated with the peak of the annual snowmelt
hydrograph which is most probably significantly lower than the bedforming
discharge.

Assuming the specific discharge being constantly distributed within a
cross-section, velocity is inversely correlated with flow depth. Accordingly,
highest average velocities were observed over the step parts. The section
behind the step is dominated by the hydraulic jump with large turbulence
generation and partially reverse flow conditions. Hence, the depth-averaged
velocities are usually smaller.

Flow instabilities in steep stepped channels

Steps and pools have often been simulated in the laboratory by placing dis-
crete weirs at uniform distances (Al-Khafaji, 1961; Whittaker, 1982; Abra-
hams et al., 1995; Comiti, 2003). For this experimental setup, several authors

54
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described the occurrence of flow instabilities (Al-Khafaji, 1961; Whittaker,
1982, 1987; Ganz and Schöberl, 2003, 2004). Additionally, a recorded flood
event in a steep alpine river, that is characterised by successions of grade-
control structures, confirmed these flow instabilities under field conditions
(Ganz and Schöberl, 2003, 2004; Premstaller et al., 2004). According to Al-
Khafaji (1961) and Whittaker (1982), this so called unstable tumbling flow
regime occurs at the transition between the tumbling flow and the rapid flow
regime (see Figure 2.8).

The flow features characterising the unstable tumbling flow are described
as pulsating surges that appear when waves are superimposed to the normal
flow (Al-Khafaji, 1961; Whittaker, 1982). These waves gain in height as they
travel downstream, and break backwards as a distinct steepness of the wave is
reached. The interconnection between the length of the hydraulic jump, the
distance to the next structure and the geometry of the plunging jet, mainly
determine the point where flow switches from stable tumbling to unstable
tumbling flow. According to Ganz and Schöberl (2004) bed roughness and
fluid viscosity (e. g. clay concentration) only affect the wave development af-
ter the initial formation rather than the onset of the instability.

Following the considerations of Whittaker (1982), a certain regularity of
the geometry is needed to establish the described wave trains. Consequently,
these flow features have not been observed for naturally developed step-pool
streams neither in the field, nor in the laboratory, which can be attributed
to the large variability of the roughness geometry.
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Chapter 5

Flow Resistance

5.1 Introduction

Flow resistance is the loss of energy caused by the interactions between the
flow and the channel boundary. In non-accelerating, two-dimensional open
channel flow with small relative roughness, the flow resistance is equivalent
to the shear force per unit area, τ0, in the plane of the channel bed. τ0 is
balanced by the down-slope component of the weight of water overlying the
area (see e. g. Chow (1988)):

τ0 = ρghsinα. (5.1)

Herein, ρ denotes the fluid density, g the acceleration due to gravity, h
the flow depth, and α the angle between the channel bed and the horizontal.
In flow resistance equations, the approximation sinα = tanα = S is often
applied, which introduces an error of less than 1 % for slopes smaller than
S = 0.15. Instead of the bed shear stress τ0, the shear velocity, U∗ =

√
ghS,

or the dimensionless shear stress, Θ, is applied as well. The dimensionless
shear stress is defined by

Θ =
hS

(s∗ − 1)d
=

τ0
ρg(s∗ − 1)d

. (5.2)

The parameter, s∗, in Equation 5.2 denotes the relative specific gravity
which is defined as s∗ = ρs/ρ, with ρs expressing the sediment density and ρ
denoting the fluid density.

For uniform flow conditions, the water-surface slope, friction slope, and
energy gradient are parallel to the streambed and the cross-sectional area,
hydraulic radius and flow depth remain relatively constant throughout the
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stream reach. In contrast to this assumption, the flow in mountain torrents
is highly nonuniform with zones of separation, acceleration and deceleration
around the roughness elements (see Chapter 4.6). Following this, uniform
flow conditions do not apply to steep open channels and approaches basing
on the general concept of bed shear stress have to be considered as empirical
procedures (Aberle and Smart, 2003). However, considering a spatial average
of the hydraulic parameters, the flow is usually assumed as quasi-uniform
(Bathurst, 1978; Yalin, 1992).

5.2 Flow equations

One of the standard flow resistance equations applied is the Darcy-Weisbach
equation, that originally considered the turbulent flow in pipes:

hf = f
Lp

d0

U2

2g
, (5.3)

where hf is the friction loss in the pipe, f denotes the friction factor, U
is the mean velocity of the flow, Lp represents the length of the pipe and d0

is the diameter of the pipe. Since d0 = 4R (with R: hydraulic radius) and
the energy gradient Se = hf/Lp is approximated with the bed slope S, the
above equation may be rewritten for the friction factor:

f =
8gRS

U2
. (5.4)

Another early flow resistance equation for open channel flow is the equa-
tion of de Chézy, where instead of f , the Chézy-coefficient, c, expresses the
resistance to flow:

U = c(gRS)0.5. (5.5)

In addition, the Gauckler-Manning-Strickler formula (see Hager (1994))
is a widely applied and accepted equation for predicting flow resistance in
open channels:

U = kStR
2/3S0.5 =

1

n
R2/3S0.5. (5.6)

Whereas in German literature the Strickler-coefficient, kSt, is generally
applied, in the english language area it is the Manning-coefficient n. Equation
5.6 is dimensionally incorrect, hence, the roughness coefficients kSt and n are
afflicted with a dimension.
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As Equations 5.4-5.6 describe the same physical process, they are inter-
related among each other, taking into account that U∗ =

√
gRS:

(
U

U∗

)2

=

(
8

f

)
= c2 = R1/3/(gn2). (5.7)

5.3 The model of composite roughness

For stable-bed channels, flow resistance can be considered to arise from skin
friction and form resistance (see e. g. Meyer-Peter and Müller (1948); Einstein
and Banks (1950)). Whereas skin friction is well described by the concept of
bed shear stress, form resistance is better expressed by the balance between
hydrodynamic forces acting on the individual bed features and the equivalent
resistive forces. In addition to the form drag, spill resistance in the wake of
a bed feature is sometimes attributed to form resistance.

S = Sgr+ Sfo
Sgr

h

Figure 5.1: The model of composite roughness.

Nevertheless, form resistance is often attributed to a shear stress as well,
so that the total bed shear stress τ0 can be subdivided into a shear stress
assigned to plane bed conditions τ0,gr, and a shear stress that is attributed
to the bed irregularities τ0,fo (Einstein and Barbarossa, 1952; Yalin, 1977):

τ0 = τ0,gr + τ0,fo. (5.8)

Following Equation 5.1, the partitioning can be performed by decompos-
ing channel gradient, S, or flow depth, h:
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S = Sgr + Sfo (5.9)

h = hgr + hfo. (5.10)

Although both possibilities have been applied by various researchers,
Yalin (1977) noted that it seems more logical to adopt the first version (Fig-
ure 5.1). With τ0 = ρU2

∗ and Equation 5.7, it is:

ρU2
∗ = ρ(U2

∗ )gr + ρ(U2
∗ )fo (5.11)

1

c2
=

1

(cgr)2
+

1

(cfo)2
(5.12)

f = fgr + ffo. (5.13)

For flow over naturally formed, rough beds, the delineation between skin
resistance and form resistance is rather ambiguous, as the interaction between
the flow and the roughness structure always introduces some kind of form
resistance. However, this effect diminishes with increasing relative submer-
gence. For boulder-bed rivers with riffle-pool structures, form resistance can
be attributed to bed features that occur in different geomorphologic scales,
as

• micro-scale: small-scale clusters,

• meso-scale: steps and pools, and

• macro-scale: riffles and pools.

Hence, the question whether a bed feature contributes to skin friction or
form resistance depends on the amount of overlying water in relation to the
roughness height (i. e. the relative submergence) and the roughness pattern.

For isolated roughness elements, Einstein and Banks (1950) proved for a
certain range of roughness concentrations that the total flow resistance could
be obtained by the sum of resistances offered by the individual roughness
elements, corresponding to the isolated roughness flow as defined by Morris
(1959) (see Figure 2.7). However, in flows with large scale roughness, wake
interferences are the standard case as bedforms exist in different orders of
magnitude. These bedforms interfere with each other in such a complex way
that the application of a linear superposition of roughness components does
not reproduce the existent physical conditions. However, due to the lack of
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alternatives, this concept is also applied to steep open channels (Egashira
and Ashida, 1991; Lee and Ferguson, 2002; Curran and Wohl, 2003).

Besides the concept of composite roughness, there are several ways to
account for the form resistance component, as e. g. the adaptation of the
equivalent sand grain roughness ks, inclusion of a correction term or adap-
tation of empirical roughness coefficients as e. g. the Strickler-coefficient, kst,
or Manning’s n. The adequacy of the different methods depend on the type
of flow under consideration.

5.4 Step-pool flume data

In the following sections selected flow resistance equations are discussed with
respect to the type of flow they were derived for. These equations are com-
pared with measurements of Rosport (1997), and Lee (1998). These data
were obtained from laboratory experiments that simulated the flow in step-
pool channels. This procedure implies that a data set is applied to equations
that were derived for other conditions than typically found in steep open
channels. However, a comparison might be useful to assess the applicability
of the different types of equations to steep structured channels and may give
an insight into the processes involved.

The description of roughness in flow resistances equations usually base on
a characteristic percentile of the subsurface material. Due to the difficulties
that arise when determining a representative value of the subsurface grain
size distribution in steep open channels (Weichert et al., 2004b), it was de-
cided to focus on step-pool data from flume experiments.

Rosport (1997) carried out flume experiments at slopes of S = 0.02 −
0.096. The ratios between channel width and maximum grain size were
small, so that the bed morphology and the flow field were essentially two-
dimensional (Wf/dmax = 3.1 − 6.3). The data of Rosport (1997) com-
prise both, measurements at bedforming discharges and measurements at
discharges that were significantly smaller than the bedforming discharge.

Lee (1998) (see also Lee and Ferguson (2002)) studied the bed morphology
and flow in six step-pool reaches of natural streams and from flume exper-
iments that loosely correspond to the prototypes. The flume experiments
were carried out at a channel gradient of S = 0.06. The ratio of channel
width to maximum grain size was Wf/dmax = 4.7. The data of Lee (1998)
comprise measurements at intermediate discharges.
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5.5 Flow type 1: Small relative roughness

For flow with small relative roughness (h/d > 10 − 20), the effects of bed
morphology on flow field are small and the roughness height k is typically
related to some representative grain size. Considering flow resistance to be
composed of skin and form resistance, flow with small relative roughness is
associated with conditions where skin resistance dominates. The correspond-
ing flow resistance equations are usually based on either logarithmic relations
or power law relationships.

5.5.1 Logarithmic laws

The integration of the velocity distribution of Equation 4.7 results into:

U

U∗
=

1

κ
ln
R

ks

+Br, (5.14)

where U is the mean velocity, U∗ denotes the shear velocity, κ is the von-
Kármán-constant, R expresses the hydraulic radius, Br is a constant and ks

denotes the equivalent sand grain roughness (compare Table 4.1).

For conditions where width is large compared to flow depth (R = h),
Equation 5.14 passes into the well-known equation of Keulegan (1938)

U

U∗
= 2.5ln

h

ks

+ 6.0. (5.15)

5.5.2 Power laws

Besides Keulegan’s log-law, the Gauckler-Manning-Strickler equation is often
applied to channels where bed irregularities are in the micro-scale. According
to Strickler (1923), kSt can be assumed as

kSt =
21.1

d
1/6
90

. (5.16)

A summary of Manning- or Strickler-coefficients that correspond to typ-
ical river reaches, is available e. g. in Chow (1988) or BWG (2001).

Figure 5.2 illustrates Equations 5.6 (with 5.16) and 5.15 (with ks = 2d90)
in comparison with the step-pool data described in Chapter 5.4. On the
abscissa the relative submergence, h/d90, is shown, whereas on the ordinate
the corresponding Chézy-coefficients, c, are plotted.
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5.6 Flow type 2: Large relative roughness

Figure 5.2 reveals significant differences between the different data sets.
Whereas the Gauckler-Manning-Strickler equation (with 5.16) should not be
applied to large relative roughnesses, the Keulegan-equation (with ks = 2d90)
shows surprisingly good agreement with the measurements of Rosport (1997)
at bedforming discharges. However, the data of Rosport (1997) reveal the
large influence of the flow stage, Q/Qmax, on the flow resistance. Herein,
Qmax is the bedforming discharge, and Q is a discharge smaller than Qmax.
The data of Lee (1998) and the data of Rosport (1997) obtained at small
flow stages lie in the region of ks = 3.5−4d90, when applying the logarithmic
law of Keulegan. With h/d90 ≈ 1, this results into values for the equivalent
sand grain roughness of ks = 3.5 − 4h which is physically unreasonable.
As a consequence, both the Gauckler-Manning-Strickler and the Keulegan-
equation must be considered to rely on a strong empirical basis, and hence
should not be applied to channels with small relative submergences.
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Figure 5.2: The equation of Keulegan and the Gauckler-Manning-Strickler
equation in comparison with selected step-pool flume data.

5.6 Flow type 2: Large relative roughness

Flow type 2 corresponds to conditions where the relative submergence is
small, i. e.h/d < 10. Due to the small relative submergence, energy losses by
vortex shedding at the roughness elements made up a significant part of the
total flow resistance (Bayazit, 1982; Bezzola, 2002). Nevertheless, applying
the scale definitions of Figure 2.2, the bed irregularities are still in the micro-
scale, hence, plane bed conditions can be assumed.
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5.6.1 Logarithmic laws

Various researchers proposed flow resistance equations, where the parameters
in Equation 5.14 are adapted to a certain data set (Table 5.1). In order
to make a comparison between the different equations possible, they were
transformed into the form

√
8

f
=

1

κ
ln

(
a
h

dc

)
. (5.17)

Author dc κ a Br

Leopold et al. (1964) d84 0.40 3.10 2.83
Bray (1979) d50 0.34 1.27 0.70
Bray (1979) d65 0.36 1.86 1.72
Bray (1979) d90 0.38 3.87 3.56
Hey (1979) d84 0.40 3.17 2.88
Griffiths (1981) d50 0.41 2.41 2.15
Bayazit (1982) c84 0.46 3.88 2.95
Bathurst (1985) d84 0.41 5.16 4.00
Ferro and Giordano (1991) d84 0.29 1.51 1.41
Wiberg and Smith (1991) c84 0.42 2.36 2.04
Hager (1992) d84 0.48 5.24 3.45
Kironoto and Graf (1994) d50 0.40 12.18 6.25
Kironoto and Graf (1994) d50 0.40 3.67 3.25
Rice et al. (1998) d84 0.45 14.88 6.00

Table 5.1: A selection of proposed logarithmic laws.

In addition to the Keulegan-equation (with ks = 2d90), Figure 5.3 contains
selected parameters for Equation 5.17 from Table 5.1 to compare them with
the step-pool flume data. Equations 4.11-4.13 proposed by Bray (1987a) are
applied for a conversion of the different characteristic grain sizes into a single
grain size, i. e. d90.

Figure 5.3 reveals that all plotted equations account for the increased
flow resistance at small relative submergences (compared to the Keulegan-
equation), but none of them is able to predict the step-pool data adequately.

As a conclusion, the scattered distribution of the step-pool data underlines
that the roughness structure is not properly described by a characteristic
grain size (compare Chapter 3.2.1).
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Figure 5.3: Comparison of selected logarithmic equations with step-pool
flume data.

5.6.2 Modified logarithmic laws

Instead of adapting the parameters in Equation 5.14 to a specific data set, a
variety of researchers included correction terms to account for the additional
energy losses in the vicinity of the roughness elements.

Thompson and Campbell (1979) investigated the flow on a dam spillway
(S = 0.052) constructed of loose boulders at relative submergences between
0.4 ≤ R/ks ≤ 0.63, with ks = 4.5d50. For the bed of the spillway they
found an average value of d84/d50 = 1.9. This results into ks = 2.4d84 or
ks = 2.1d90, respectively. From these data and additional measurements in
alluvial channels (S = 0.004 − 0.041 and h/d50 = 1.9 − 19.2) they proposed

U

U∗
= (1 − 0.1

ks

R
) · 2.5ln(12

R

ks

). (5.18)

Church et al. (1990) stated that Equation 5.18 produces reliable esti-
mates of flow resistance over a wide range of roughness conditions. Even for
step-pool data, Lee and Ferguson (2002) noted that Equation 5.18 gave good
estimates of the flow resistance, when applying ks = 2.4D84. Herein, D84

resembles the 84-%-percentile of the step forming boulders.

Smart and Jäggi (1983) proposed to include a correction factor that de-
pends on slope and relative submergence. The increase of flow resistance
for low values of h/d is taken into account by diminishing the effective slope
(Sgr < S), i. e.Sgr is used to determine flow resistance
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U

U∗,gr

=
U√
ghSgr

= 2.5ln

(
12.27

h

βsd90

)
(5.19)

with

Sgr

S
= 1 − e

−αsh

d90
√

S . (5.20)

Smart and Jäggi (1983) applied the Equations 5.19 and 5.20 to steep open
channels with slopes between S = 0.03 − 0.20 and relative submergences of
h/d90 = 3 − 15. The plane beds under consideration were characterised by
sediment transport conditions that introduced an additional component to
flow resistance. The constants adopted values of αs =0.05 and βs =1.5.

Bezzola (2002) proposed an approach for predicting flow resistance

U

U∗
= cR · 2.5ln

(
10.9R

zRo

)
(5.21)

with

c2R = 1 − zRo

h
,

h

zRo

> 2 (5.22)

c2R = 0.25
h

zRo

. 0 ≤ h

zRo

≤ 2 (5.23)

Besides the advantage to use a roughness parameter that is independent
on relative submergence (see Chapter 4.5), Equation 5.21 passes into the
widely accepted Keulegan-equation for large relative submergences. The data
analysis of Bezzola (2004) results into rough approximations of the thickness
of the roughness layer with

zRo = 1d90,
U∗d90

ν
> 104 (5.24)

zRo = 2d90.
U∗d90

ν
≤ 104 (5.25)

Other approaches that rely on modified logarithmic laws, as reported
e. g. by Bathurst (1982); Tsujimoto (1989) or Aguirre-Pe and Fuentes (1990)
are not discussed in the present thesis, as they yield to comparable results.

As free surface drag significantly contributes to flow resistance (Rouse
et al., 1963), a variety of approaches contain functional relationships with
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5.6 Flow type 2: Large relative roughness

the Froude-number (Bathurst et al., 1981; Cao, 1985; Colosimo et al., 1988;
Rosport, 1997; Afzalimehr and Anctil, 1998).

In open channels with rectangular cross-sections, the Froude-number is
defined by

Fr =
U√
gh
. (5.26)

Following this, the Froude-number is directly related to flow resistance, so
that for given Froude-number and slope, the friction factor can be calculated
without any other approach √

8

f
=

U

U∗
=
Fr√
S
. (5.27)

Approaches where a functional relationship exist between two parame-
ters that base on a common term are susceptible to spurious self-correlation
(Kenney, 1982). In this connection, Aberle et al. (1999) and Aberle (2000)
analysed the approaches proposed by Bathurst et al. (1981); Cao (1985);
Colosimo et al. (1988); Rosport (1997) and Afzalimehr and Anctil (1998)
and concluded that these equations should not be considered as robust pre-
dictors of flow resistance.
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Figure 5.4: Comparison of modified logarithmic equations with step-pool
flume data of Rosport (1997) and Lee (1998).

In Figure 5.4, the presented flow resistance equations are compared with
the step-pool flume data of Rosport (1997) and Lee (1998). Characteristic
grain sizes are again converted with Equations 4.11-4.13, proposed by Bray
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(1987a). Figure 5.4 shows that all equations account for the increased flow
resistance at small relative submergence.

As a conclusion, although derived for plane bed conditions without meso-
scale bed features, these equations may give a first link to the magnitude
of flow resistance also in step-pool systems. An advantage to the logarith-
mic equations shown in Figure 5.3 is the better transition to the Keulegan-
equation for large relative submergences.

5.6.3 Power laws

Besides the logarithmic equations, an abundance of approaches establish
power law relationships of the form

U = e1Q
e2Se3ge4de5

c . (5.28)

Instead of the discharge, Q, the flow depth, h, or the hydraulic radius,
R, are often used in equations of type 5.28. A selection of these equations is
presented in Table 5.2. Again, these approaches apply to conditions at slopes
and relative roughnesses smaller than typically found in step-pool channels.

Author Approach

Jarrett (1984) U = 3.14R0.83S0.12

Bray (1979) U = 3.85h0.78S0.5g0.5d−0.28
50

Bray (1979) U = 5.03h0.77S0.5g0.5d−0.27
90

Griffiths (1981) U = 2.10q0.44S0.28g0.28d−0.16
50

Rickenmann (1996) U = 0.96Q0.29S0.35g0.36d−0.29
90

Bray (1987a) U = 5.5R0.75S0.5g0.5d−0.25
90

Table 5.2: Selected power-law relationships to propose flow resistance.

In Figure 5.5, the presented equations are compared with the step-pool
data. The solid line represents the line of agreement, whereas the dashed
lines represent the 30 % deviations between measured and calculated flow
velocities. The figure demonstrates the generally insufficient description of
the step-pool data with the presented equations. This behaviour can be
attributed to the differences in the flow types examined in the step-pool ex-
periments compared to the range of application of every specific equation.

Assuming slope and characteristic grain size to be constants, Equation
5.28 transforms into the concept of hydraulic geometry first proposed by
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5.6 Flow type 2: Large relative roughness

Leopold and Maddock (1953). They found that the variation of the hydraulic
factors, mean velocity U , width W , mean flow depth h, and friction factor f
at a section could be described by a set of simple power equations

U = a1Q
b1 , (5.29)

W = a2Q
b2 , (5.30)

hm = a3Q
b3 , (5.31)

f = a4Q
b4 . (5.32)

An abundance of studies verified that the empirical concept of hydraulic
geometry provides reasonable results either for different discharges at an in-
dividual cross section or for different downstream locations related through
some characteristic discharge.

The hydraulic exponents, b1 to b4, describe the rate of change of the
hydraulic variables, U , W , hm, and f , in order to accommodate changes of
water discharge Q.
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Figure 5.5: Comparison between measured and predicted average velocities
from power laws listed in Table 5.2.

The exponent b1 is of particular interest, as it is linked to the type of
roughness (Bathurst, 1993). Where b1 adopts large values, there is a great
difference in flow resistance between low and high flow rates. Bathurst (1993)
reported increasing values of b1 when moving up a channel network from
b1 < 0.40 for sand-bed rivers to b1 = 0.45−0.55 for gravel, cobble or boulder-
bed rivers to b1 > 0.55 for step-pool or riffle-pool channels. Kellerhals (1973)
proposed limits for b1 that range between 0.40 and 0.71. Basing on theoretical
considerations, Aberle (2000) (see also Aberle and Smart (2003)) found that
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the lower limit depends on the cross-sectional shape of the channel and adopts
values 0.33 for a rectangular channel, 0.25 for a parabolic channel, and 0.20
for a triangular channel. The upper limit is established at a value of b1 = 1.

5.7 Flow over beds with macro-scale features

The above considerations refer to plane bed conditions. Depending on the
boundary conditions, some streams exhibit an additional form resistance
component that refers to bed features in the macro- and the meso-scale.
As discussed in Chapter 4.7, flow type and flow resistance depend on the
flow stage and the degree of exposure of the bed features.

Some attempts have been made to evaluate flow resistance in gravel-bed
rivers with the specific objective to identify the portion of total flow resistance
that is directly attributed to the riffle-pool sequences (Parker and Peterson,
1980; Prestegaard, 1983; Hey, 1988). At low flow stages, bedforms in the
macroscale become exposed and contribute substantially to the total flow
resistance whereas at flood stages, they usually drown out and contribute
little to the total resistance. According to Parker and Peterson (1980), the
mechanisms that contribute to the extra resistance include expansion losses
in the lee of the bar fronts, antidune and standing wave formation on areas
where the flow is near critical or supercritical and dropstructure losses in the
riffles when the flow is so shallow that they act as controls. Even in channels
that are straight at high flow, losses due to the channel alignment may occur
at low flow as a narrow band of water winds its way between the exposed
portion of the bars.

Both, Parker and Peterson (1980) and Prestegaard (1983) applied the con-
cept of composite roughness where the energy slope is divided into a grain
and a bar influenced component, Sgr and Sfo, respectively. Correspondingly,
flow resistance is divided into its components as well, and the bar resistance
component cfo is calculated by the difference between the total, measured
flow resistance c and a grain resistance component cgr calculated from Equa-
tion 5.15. Parker and Peterson (1980) used field data to account for the
influence of the bar features with

cfo = 2.33 · 10−6

(
RSgr

s− 1

)−1.744

. (5.33)

Parker and Peterson (1980) adopt the hydraulic roughness parameter in
Equation 5.15 to ks = 2d90, which influences the derivation of Equation 5.33.
Prestegaard (1983) applied ks = d84 to Keulegan’s equation. According to
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5.8 Flow over beds with meso-scale features

Hey (1988), this leads to a significant underestimation of the grain friction
slope and an overestimation of the bar friction slope.

The flow resistance of a reach depends on the variation in the flow geome-
try of riffles and pools which reflects local accelerations and decelerations as
well as the micro- and meso-scale bed roughness (see Chapter 4.7.1). Accor-
ding to Hey (1988), a slope or flow depths division of the roughness compo-
nents can not adequately cope with the local accelerations and decelerations
effects. Following this, he proposes an approach that bases on a differen-
tiation of the sand roughness into a grain resistance component and a bar
resistance component. Robert (1997) critisised that the approaches of Parker
and Peterson (1980) and Hey (1988) do not directly take into account the
morphology of pools and riffles, as e. g. size and spacing of the bed features.

5.8 Flow over beds with meso-scale features

Bedforms in the meso-sale contribute substantially to the total flow resis-
tance. As the morphologies are complex, several approaches exist that inves-
tigated flow over meso-scale bed features in an idealised way. An application
of these idealised approaches to naturally developed channel beds is question-
able. As a consequence, as long as the roughness structure could not be ap-
propriately described, the flow resistance equations in mountain streams and
torrents are strongly oriented on the specific data set and are only applicable
in close limits (Thorne and Zevenbergen, 1985; Bathurst, 1985; Aberle, 2000;
Aberle and Smart, 2003).

The energy dissipating mechanisms in step-pool streams predominantly
correspond to form resistance which includes form drag, wake interference
(or spill resistance), and free surface distortion. The contribution of the
different mechanisms to the total flow resistance vary in space and time.
Whereas the temporal variation is associated with a variation of discharge,
the bed morphology dictates the spatial variability. At low and intermediate
flow rates, the energy losses mainly correspond to hydraulic jumps behind
the step structures. At high flow rates there is a tendency for washing out
the hydraulic jumps, hence, other energy dissipating mechanism become in-
creasingly significant. However, the energy dissipation due to the turbulent
mixing motion in the wake of the steps still made up a significant portion of
the total flow resistance.

A fundamental understanding of flow resistance in step-pool channels re-
quires the knowledge of the temporal and spatial variations of the energy
dissipating mechanisms. Following this, the model of composite roughness
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basing on linear superposition of resistance components should not be con-
sidered to have a fundamental physical background, as it does not represent
the variable conditions found in steep open channels. In the following, a
selection of flow resistance equations is presented that considers conditions
typical for steep open channels.

A dimensionally incorrect approach was proposed by Ruf (1988) basing
on 30 measurements in 14 river reaches at slopes between S = 0.09 − 0.48

U = 1.23Q0.5S0.5d−0.5
70 . (5.34)

As the roughness structure is not included into Equation 5.34, it is ex-
pected that this approach is strongly oriented on the original data set.

Rickenmann (1990) proposed a power law relationships depending on
slope and relative submergence

U

U∗
=

(
1.5

S0.29

)
·
(
h

d90

)0.5

, 0.05 ≤ S ≤ 0.20 (5.35)

U

U∗
=

(
1.25

S0.21

)
·
(
h

d90

)0.5

. 0.004 ≤ S ≤ 0.09 (5.36)

Instead of flow depth, Rickenmann (1990) (see also Rickenmann (1991))
proposed a functional relationship between average velocity, U , and specific
discharge, q, for channel gradients 0.03 ≤ S ≤ 0.40, which can be found in
an equivalent form in Takahashi (1978)

U = 1.3g0.2S0.2d−0.4
90 q0.6. (5.37)

A newer approach of Rickenmann (1996) applies to streams with channel
gradients S > 0.008

U = 0.37g0.33S0.20d−0.35
90 Q0.34. (5.38)

The widely used Gauckler-Manning Strickler equation is also applied to
mountain streams and torrents. The main advantage of this equation in low-
and midland rivers is its simplicity. However, the Strickler-coefficient, kst,
and Mannings n are related to the roughness geometry, the flow stage, and
the channel gradient (Judd, 1963). As these parameters vary significantly in
steep open channels, the determination of kst or n is not straightforward, and
the advantages become less important.
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5.8 Flow over beds with meso-scale features

Basing on field measurements in Himalayan streams, Palt (2001) proposed
the Strickler-coefficient to be a function of channel gradient and d90

kst =
26

d
1/6
90

0.1S−0.36. (5.39)

According to Palt (2001), this equation applies to intermediate discharges
and channel gradients larger than 0.2 %. For high flow rates the Strickler-
coefficient should be increased by 30 %, and diminished for low flows by the
same magnitude. Whereas the functional relationship in Equation 5.39 ex-
presses the spatial average of roughness in a step-pool reach, the adaptation
of kst with the flow stage roughly takes into account the temporal variability
of mountain streams and torrents.

In analogy to Equation 5.39, Vogel (2003) proposed a Strickler-coefficient
for structured rough ramps that mimic step-pool features

kst =
1.65

d
1/6
s

· S−0.7. (5.40)

Herein, ds is the average equivalent stone diameter of the step structures
that can be calculated with

ds =
3

√
6Vs

π
, (5.41)

where Vs is the corresponding stone volume.

However, as discussed in Chapter 3.2.1, all the above equations con-
tain grain size statistics to describe the bed roughness geometry which has
been found to be unsuitable for the complex geometries of mountain torrents
(Aberle, 2000; Smart et al., 2002; Aberle and Smart, 2003).

Instead of a characteristic grain size, Egashira and Ashida (1991) con-
sidered a sequence from one step crest to the next as significant for the bed
geometry. According to this, they apply the step height difference, HΔ, and
step-wavelength, L, (Figure 5.6) to determine form resistance due to energy
dissipation in the separation zone behind the steps. As they assume to-
tal resistance as a composition of form resistance and grain resistance, the
knowledge of the length of the separation zone is needed to quantify form re-
sistance and hence, grain resistance and total resistance. Whereas the grain
resistance component, expressed with the Darcy-Weisbach factor fgr, can be
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calculated with Equation 5.15, the form resistance component, ffo, is given
by

ffo = 4KEn
HΔ

R
. (5.42)

Herein, K and En are empirical constants that are specified by Egashira
and Ashida (1991) with K =6.0 and En =0.08. The total resistance can be
calculated from

f =

(
awHΔ

L

)
ffo +

(
1 − awHΔ

L

)
fgr, (5.43)

where aw is the length of the wake zone behind the step, as illustrated in
Figure 5.6. These equations are rather sensitive to the choice of the length of
the separation zone, hence, a significant quantum of uncertainty remains. In
addition, it has been discussed above that the idealised model of composite
roughness is hardly applicable to steep open channels.

Δ

a    ⋅ Η

fΔ fs fΔ

L

h

friction

factor

S = Sgr+ SfoSgr

Δw

H

Figure 5.6: Definition sketch for the approach of Egashira and Ashida (1991).

For step-pool channels, Aberle (2000) (see also Aberle and Smart (2003))
introduced the standard deviation of the roughness heights as characteristic
roughness parameter (Chapter 3.2.1) and verified its validity by the analysis
of experimental data of Rosport (1997). From this set of data the following
flow resistance equations has been proposed, where U denotes the average
velocity, U∗ is the shear velocity, h expresses the average flow depth, and s
the standard deviation of the roughness heights, as defined in Equation 3.4
(Aberle and Smart, 2003)

U

U∗
= 0.91

h

s
(5.44)
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and, respectively

U = 1.14q0.63g0.19sinα0.27s−0.44, 0.015 < S < 0.040 (5.45)

U = 1.16q0.67g0.17sinα0.29s−0.50. 0.040 < S < 0.100 (5.46)

The data of Aberle (2000) were obtained at both, bedforming as well as
lower discharges. In order to test the hypothesis that flow resistance depends
on flow stage, the data of Aberle (2000) was reevaluated by the author of
the present study with respect to the the ratio of the actual discharge Qact

to the maximum, bedforming discharge Qmax. In Figure 5.7, the data at
Qact/Qmax =1 is compared with the data at Qact/Qmax =0.15-0.30. The
figure points out that the gradient of the correlation between the Chézy-
coefficient c and h/s (Equation 5.44) is a function of flow stage, although the
influence is relatively small. According to Bezzola et al. (2004), the difference
between maximum discharge and minimum discharge in mountain streams
is very large, (Qmax/Qmin =150 - 200). Therefore, the minor effect of Figure
5.7 may be attributed to the relatively large values of the lowest considered
discharges in Aberles study.

This suggestion is in line with experiments proposed by Vogel (2003),
who tested structured block ramps that seek to model step-pool systems.
She found that the average velocities given by Equations 5.45-5.47 are too
small for experimental runs with low flow stages and small channel gradients,
but perform reasonable results for high discharges or higher slopes.
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Figure 5.7: Data and approach of Aberle (2000) - reevaluated with respect to
the flow stage. Herein, c, denotes the Chézy-coefficient, and h/s is the rela-
tive submergence, standardised with the standard deviation of the roughness
heights.
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Chapter 6

Stability

6.1 Introduction

The stability of river beds is a fundamental issue with applications to a
variety of problems. In low- and midland rivers practical applications mainly
focus on the design of stable channels and scour protection. In steep open
channels, bed stability additionally is of importance with respect to hazard
assessment (see Chapter 2.6).

In order to inhibit river bed degradation, river training structures as
e. g. weirs, check dams or rough ramps have been successfully applied during
the last decades. Today, ecological aspects increase in importance. There-
fore, there is an increasing demand for nature-oriented structures that fulfill
both, the ecological and the stabilising requirements.

6.2 Incipient motion criteria for a single grain

Figure 6.1 shows a principle sketch of a grain located randomly on a bed
inclined with the angle, α, against the horizontal. The forces acting on this
grain are

• the force due to gravity G, acting in the vertical,

• the buoyancy B, acting perpendicular to the streamlines and the free
surface,
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• the hydrodynamic drag force FD, acting parallel to the channel bed, and

• the hydrodynamic lift force FL, acting perpendicular to the channel
bed.

Besides these forces, the incipient motion criteria depend on the bedding
conditions of the grain, which can be described by the pivoting angle ϕ. This
angle is defined between the vertical and the connection line between the cen-
troid of the grain and the contact point, P , of the downstream neighbouring
grain (see Figure 6.1).

In order to determine the general conditions for the incipient motion, one
has to distinguish between two different entrainment mechanisms: rolling
and sliding. The question what mechanism dominates mainly depends on
the particle shape and the bed configuration (Li and Komar, 1986).

average bed level

u (z)

P

B FL

FD

G cosα

G sinα

G

z

a

horizonatal α

z = 0

ϕ p

Figure 6.1: Forces acting on a single grain - from Bezzola (2002)

Referring to the considerations of Bezzola (2002), the critical condition
in case of rolling can be derived from the equilibrium of moments around the
pivot point P
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6.2 Incipient motion criteria for a single grain

Θc =
2k1cosα(tan(ϕ+ α) − s∗

s∗−1
tanα)

c2k2CD

(
1 + k4

D∗
apcos(ϕ+α)

)
+ k3CL

(
tan(ϕ+ α) + k5

D∗
apcosϕ+α

) . (6.1)

Within this equation, Θc is the critical dimensionless shear stress, D∗

denotes the diameter of a sphere with the same mass as the grain under
consideration, ap denotes the distance between the pivot point P and the
centre of gravity, s∗ = ρs/ρ is the specific gravity, c is the Chézy-coefficient,
that takes into account the near-bed flow conditions, and CD and CL are
the drag and lift coefficients respectively (see Chapter 4.6). Besides the
geometrical parameters defined in Figure 6.1, the factors ki consider

• k1: the influence of the grain shape, Vs = k1D
3, with Vs denoting the

grain volume, and D is an imaginary grain diameter (sphere diameter
with the same mass as the considered grain).

• k2 and k3: the ratio between the projected area of the grain against the
direction of flow to the base area of the grain, A⊥/(D∗)2,

• k4 and k5: the influence of the location where the hydrodynamic forces
act on the grain. If the hydrodynamic forces apply at the centroid these
factors become zero.

Similarly, a sliding criteria can be obtained by applying the law of static
friction in the plane of the channel bed (see Figure 6.1):

(Gcosα−B − FL)μ′ = Gsinα + FD. (6.2)

By assuming the coefficient of friction to equal μ′ = tanΨ, where Ψ
denotes the angle of repose of the bed material, Equation 6.2 becomes

Θc =
2k1cosα(tanΨ − s∗

s∗−1
tanα)

c2(k2CD + k3CLtanΨ)
. (6.3)

Equation 6.1 and 6.3 are equivalent, if the hydrodynamic forces are as-
sumed to act at the centroid, with the exception that in Equation 6.1 the
pivoting angle ϕ is used, whereas Equation 6.3 contains the angle of repose Ψ.

Various investigations focus on the determination of the parameters in
Equations 6.1 and 6.3, as e. g.CD (Flammer et al., 1970; Blevins, 1984), CL
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(Einstein and El Samni, 1949; Bayazit, 1976; Brayshaw et al., 1983; Wiberg
and Smith, 1991; Dittrich et al., 1996), ϕ (Li and Komar, 1986; Carling
et al., 1992), Ψ (Lane, 1955; Komar and Li, 1986). Due to the variable
conditions in nature, these studies were carried out mostly under idealised
conditions. Following this, approaches that base on the equilibrium of forces
and moments at a single grain, generally require approximations with respect
to some of the above parameters (Komar and Li, 1986; Carling et al., 1992).

6.3 The influence of slope and relative sub-

mergence

Following Figure 6.1, an increase of slope corresponds to an increase of the
bed parallel component of the forces due to gravity and buoyancy. Hence,
theoretically, the dimensionless critical shear stress, should decrease with
increasing channel gradient.

Bezzola (2002) discussed this influence by comparing Equation 6.1 (with
k4 = 0 and k5 = 0) with the case where α is set to zero. Denoting the dimen-
sionless critical shear stress for almost horizontal slopes with Θc,0, Equation
6.1 becomes

Θc = Θc,0

(c0
c

)2
(
cosα− s∗

s∗ − 1

sinα

tan(ϕ+ α)

)
. (6.4)

In a first step, Bezzola (2002) assumes c = c0, so that

Θc = Θc,0

(
cosα− s∗

s∗ − 1

sinα

tan(ϕ+ α)

)
. (6.5)

The equivalent equation for sliding is

Θc = Θc,0

(
cosα− s∗

s∗ − 1

sinα

tanΨ

)
. (6.6)

Assuming s∗ = 2.65, Figure 6.5 shows the influence of the slope on the
ratio Θc/Θc,0. Additionally, the figure points out the significant influence of
the pivoting angle, ϕ, on Θc.

These theoretical considerations are in contrast to experimental results
that show an increase of Θc with increasing channel gradient (Ashida and
Bayazit, 1973; Bathurst et al., 1982; Graf, 1991; Dittrich, 1998). This be-
haviour can be attributed to the change of the turbulent flow field at large
gradients and relative roughnesses.
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Figure 6.2: Theoretical influence of slope on the critical dimensionless shear
stress - from Bezzola (2002).

As a conclusion, a differentiated consideration of the stability enhancing
effect of relative roughness and the destabilising effect of slope is reasonable
(Tsujimoto, 1989). This is shown in Equation 6.7, where the rearranged
Equation 6.4 is presented

hS

(s∗ − 1)d

(
c

c0

)2

= Θc,0

(
cosα− s∗

s∗ − 1

sinα

tan(ϕ+ α)

)
. (6.7)

Herein, the left hand term expresses the flow induced shear stress cor-
rected for the influence of the relative submergence, whereas the right hand
term is equivalent to the critical shear stress. For nearly horizontal slopes,
Equation 6.7 passes into Θc = Θc,0.

6.4 Step-pool flume data

As the direct determination of stability under field conditions is difficult,
studies investigating the bed stability are mainly limited to the laboratory.
In the following subsections, selected stability approaches are compared with
the flume data of Rosport (1997). Even under these idealised conditions, a
detailed determination of the incipient motion of a specific grain is compli-
cated and for a random grain almost impossible. Therefore, the experiments
of Rosport (1997) deliver reach-averaged values that were obtained from the
assumption that the stability of a channel section is equivalent to the maxi-
mum discharge for which the bed had developed and stabilised.
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In accordance to the previous chapter, it is not expected that approaches
that were derived for low- or midland rivers have the potential to reproduce
these measurements. However, a comparison with step-pool data provides
an insight into the differences between the stability in steep open channels
compared to other types of streams.

6.5 Uniform bed material

6.5.1 Shields criteria

Many studies have focused on the estimation of the critical shear stress
needed for particle entrainment in gravel bed streams using the standard
curve proposed by Shields (1936). His approach bases on experiments with
uniform sand-sized particles at slopes less that 0.5 %:

Θc =
τ0,c

(ρs − ρ)gd
= f

(
U∗d
ν

)
. (6.8)

Herein, τ0,c is the critical shear stress at the incipient motion for a grain
size of diameter d, Θc is the dimensionless critical shear stress, g denotes the
acceleration due to gravity, and ρs and ρ are the sediment and fluid densities,
respectively. U∗ is the shear velocity and ν is the kinematic viscosity.

At grain Reynolds-numbers larger than Re∗ > 5 · 102, Shields (1936)
proposed that Θc adopts a constant value of 0.06. Hence, at large Reynolds-
numbers, Θc is independent on viscous effects. In the experiments of Meyer-
Peter and Müller (1948) uniform bed material at slopes of 0.07-1.05 % have
been used to derive a slightly smaller value for the critical dimensionless shear
stress of Θc = 0.047.

During the years, there have been numerous studies concerning the in-
cipient motion criteria which are summarised in Buffington and Montgomery
(1997). Although data from many other investigations revealed a consider-
able scatter, the general conclusions of Shields are nowadays widely accepted.

Figure 6.3 shows the dimensionless critical shear stresses, Θc, depending
on slope for the step-pool flume data of Rosport (1997). The figure re-
veals that the steeper the channel, the higher the critical dimensionless shear
stresses Θc.

The use of the medium grain size in Equation 6.8, dm, leads to signifi-
cantly larger values of Θc than proposed by Shields (1936) or Meyer-Peter
and Müller (1948). An adaptation of the Θc -values by modifying the char-
acteristic grain size, as e. g. with d90, give better results. However, this adap-
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tation will not lead to satisfying results, as a dependency of Θc with slope is
revealed.
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Figure 6.3: Critical dimensionless shear stress, Θc, of the step-pool data
of Rosport (1997) depending on slope, S, and compared with the stability
criteria of Meyer-Peter and Müller (1948) (straight line).

6.5.2 Modified Shields criteria at steep slopes

Several approaches exist in literature that account for the deviating condi-
tions at large channel gradients and small relative submergences (compare
Chapter 6.3). Some of these approaches are summarised in Table 6.1. Within
the relationship proposed by Mizuyama (1977), the connection between Θc,0

and Θc is given with

Θc,0 =
Θc

cosα · tanΨ − s∗
s∗−1

sinα
. (6.9)

Figure 6.4 shows the comparison of the critical dimensionless shear stresses
obtained from the presented equations with the step-pool flume data. The
dimensionless critical shear stress, Θc, was calculated with the mean grain
diameter, dm. For the same channel gradient or relative submergences, the
critical dimensionless shear stresses are larger for the data of Rosport (1997)
than predicted with the equations given in Table 6.1.

In contrast to the equations listed in Table 6.1, Bezzola (2002) proposed
an approach that takes into account the deviating effects of slope and relative
submergence (Equation 6.7). For the calculation of the dimensionless shear
stress, Θ, he proposed
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Author Approach Boundary conditions

Mizuyama (1977) Θc,0 = 0.034 · 100.32(d/h) h/d ≤ 4.5

Θc,0 = 0.04 h/d ≥ 4.5

Mizuyama (1982) Θc = 0.04 · 101.72S

Graf and Suszka (1987) Θc = 0.042 · 102.2S S ≥ 1 %

Suszka (1991) Θc = 0.085 · h
d50

−0.266

Table 6.1: Modified Shields approaches.
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Figure 6.4: Comparison between modified Shields-approaches with the step-
pool data of Rosport (1997).

84



6.5 Uniform bed material

Θ = c2R
hS

(s∗ − 1)d
(6.10)

where cR is the damping factor defined by the Equations 5.22 and 5.23.
Additionally, the destabilising effect of slope can be taken into account

by modifying the critical dimensionless shear stress with Equation 6.5. As
Bezzola (2002) based his approach on considerations for relatively uniform
bed material, he proposed to adapt Equation 6.5 for non-uniform grain-size
distributions with the approach of Günter (1971) (see Equation 6.13).

6.5.3 Probability of movement

One of the main reasons for the appreciable scatter on the Shields-diagram
can be attributed to the difficulty encountered in a consistent definition of
the critical flow conditions. The difficulty arises because bed movement takes
place gradually over a wide range of average shear stresses rather than sud-
denly at a single critical flow stage. Whereas both, Shields (1936) and Meyer-
Peter and Müller (1948) defined the incipient motion by an extrapolation
of measured sediment transport rates to the point of zero transport, many
workers have simply defined critical conditions at some arbitrary point in
the initial movement process. Several researchers found that the definition
applied by Shields (1936) implies movement of about 50 % of the particles
(Gessler, 1965; Günter, 1971; Zanke, 1990).

P(t)

P(tc)

P(t)

P(tc)

P(t)

P(tc)

P(t)

P(tc)

Figure 6.5: Different stages with respect to the relation between the distrib-
ution of the shear stress and the critical shear stress influences the incipient
motion.

Following this, the incipient motion of a particular grain is inherently a
statistical problem (Shields, 1936; Gessler, 1965; Grass, 1970; Günter, 1971;
Zanke, 1990). It is a function of the fluctuating flow field, as well as the size
and relative positioning of the sediment particles on the bed. Consequently,
the stability at a plane bed is determined by the interaction of these two ran-
dom variables. Because of the random shape, weight and placement of the
individual grains, there exist a critical shear stress for every single particle,
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which for a certain area of the river bed can be expressed by a probability
distribution. On the other hand, flow turbulence close to the boundary pro-
duces randomly varying instantaneous bed shear stresses which also have a
probability distribution.

In Figure 6.5, different modes are sketched. As the flow velocity increases,
the position of the bed shear stress distribution alters with respect to the
distribution of critical particle shear stresses and progressively more particles
become susceptible to movement. The comparison between the probability
function of the flow-induced bed shear stresses, P (τ), and the critical stress
for the initiation of movement, P (τc), leads to the ’risk of erosion’-concept
considered by several researchers (Gessler, 1965; Zanke, 1990; Lopez and
Garcia, 2001; Dancey et al., 2002)

Ri =

∫ ∞

0

Pτ

(∫ τ

0

Pτcdτc

)
dτ (6.11)

Following this, the risk of erosion, Ri, can be computed when the dis-
tributions P (τ) and P (τc) are known, and are independent from each other.
The shape of the bed shear stress distribution in plane beds with large rela-
tive submergences is often assumed to follow a normal distribution (Gessler,
1965; Grass, 1970; Lopez and Garcia, 2001; Kleinhans and van Rijn, 2002).
Although there is a certain agreement about the type of the bed shear stress
distribution, a question remains about the shape of the distribution. Grass
(1970) was one of the first who measured the instantaneous bed shear stresses
for the incipient motion of individual bed grains and obtained an estimate for
the probability distribution of the critical stresses for six different grain sizes.
From Grass measurements, Lopez and Garcia (2001) assumed the standard
deviation of the flow-induced bed shear stress to be sτ = 0.40τ0, whereas the
standard deviation of the critical bed shear stress to be sτ,c = 0.30τc.

Günter (1971) noted that the fluctuations of the bed shear stress depend
on the Reynolds-number of the flow, and proposed the empirical relationship

τc
τ̄

= 1.03 + 3.44 · 10−6Re (6.12)

where τc is the critical shear stress and τ̄ is the average bed shear stress, at
which the fluctuations are large enough to move the first particles. Following
this, the ratio τc/τ̄ can be regarded as an indication for the width of the
shear stress distribution.

The distribution of the critical shear stress is considered not very often
as direct measurements are difficult. However, for plane beds with uniform
material, the range of the distribution is assumed to be narrow.
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6.6 Widely graded bed material

As a conclusion, the distributions of the critical shear stresses and the
flow-induced bed shear stresses are dependent on the size, shape and pattern
of the bed material. Whereas the bed shear stress distribution is determined
by the temporal and spatial variation, the critical shear stress is only sub-
jected to a spatial variation. As the spatial variation is relatively small for
plane beds with uniform grain size distributions, an approximation is often
applied by neglecting the spatial variability. This results in a single critical
value of the shear stress and a distribution remains that depends on temporal
fluctuations.

6.6 Widely graded bed material

6.6.1 Plane bed

Whenever a flow is incapable of moving all sizes of a bed material mixture, the
coarser particles of the sediment form an armour layer at the bed surface as
finer surface particles are removed (Gessler, 1965, 1970; Günter, 1971; Little
and Mayer, 1976). In protecting finer subsurface sediment from being eroded,
this armour layer inhibits erosion. As long as the Shields-concept applies to
every grain size fraction, the fine material of the bed is entrained first and
the surface coarsens. However, with increasing degree of armouring, hiding of
small particles and large exposure of large bed elements cause heterogenous
particle sizes to have nearly an equal mobility (Parker and Klingeman, 1982).

Figure 6.6 sketches the principal behaviour of a widely graded bed mate-
rial depending on the stream power. With increasing stream power, the bed
stabilises by developing a coarse armour layer. This self-stabilisation process
is accompanied by a degradation of the channel bed. The maximum possible
stability corresponds to the coarsest bed configuration, which is a function of
the grain size distribution of the subsurface material (Gessler, 1965; Günter,
1971). If the stream power exceeds the point of maximum stability, signifi-
cant amounts of sediment will erode.

The relationship between the grain size distribution of the armour layer
and the stream power engaged several authors and solutions where advanced,
e. g. by Gessler (1965) or Little and Mayer (1976). The grain size distribu-
tion of the coarsest composition depends on the grain size distribution of the
subsurface layer and can be predicted with the approaches of Gessler (1965);
Günter (1971) or Fehr (1987).
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Figure 6.6: Development of an armour layer depending on the stream power
and the accompanying erosion. The armour layer is characterised by its mean
grain size, dmD, the stream power is mainly a function of slope and discharge.
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Figure 6.7: Comparison between the step-pool data of Rosport (1997) and the
approach of Günter (1971) (Equation 6.13) describing the maximum stability
of armour layers.
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6.6 Widely graded bed material

The stability increasing effect of armouring was taken into account by the
approach advanced by Günter (1971)

Θc,D = Θc

(
dm,D

dm

)2/3

. (6.13)

Herein, Θc,D is the critical dimensionless shear stress of the armour layer,
and Θc is the critical dimensionless shear stress for uniform bed material
(e. g. Θc = 0.047 according to Meyer-Peter and Müller (1948)). The mean
grain size of the subsurface material is denoted with dm and the mean grain
size of the armour layer is dm,D. The mean grain size of the armour layer
corresponds roughly to d90 of the subsurface material (Lichtenhahn, 1977).
Other approaches considering the maximum stability of armour layers have
been proposed e. g. by Schöberl (1992) or Chin et al. (1994).

In Figure 6.7, the stability equation of Günter (1971) is compared with
the step-pool data of Rosport (1997). The data is divided with respect to the
two sediment mixtures used by Rosport (1997). The figure shows relatively
constant values of the calculated critical, dimensionless shear stress. This re-
sults in relatively good approximations at small dimensionless shear stresses,
and in increasing deviations with increasing values of Θ. The small values of
Θ correspond to experiments at small slopes. Therefore, it can be assumed
that the development of the step-pool geometry increases with increasing Θ.
Accordingly, Figure 6.7 indicates the insufficient description of the roughness
geometry of step-pool systems by the mean grain size of the armour layer,
dmD.

6.6.2 Step-pool systems

Failure mechanisms

Before discussing approaches that consider the stability of step-pool systems
in a reach-scale, a more localised consideration of step stability may increase
the comprehension of the involved processes. Within flume experiments,
Crowe (2002) observed 455 step break-up events and classified them into
four different modes, which she describes as follows:

Tumble (39 %): ”The area of the plunge pool adjacent to the base of the
step erodes until the step is destabilised. The step tumbles into the pool
area, with the top of the step falling first. The step-forming grains fall
into the pool area and do not transport downstream.”
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Slump (38 %): ”The pool scours the base of the step until the step is desta-
bilised. The step sediment slump into the downstream pool with the
grains from the bottom of the step moving into the pool first. The up-
per portion of the step slides into the pool intact and then breaks-up.
The step-forming grains are entrained by the flow downstream.”

Impact (10 %): ”Impact from large moving clasts can dislodge a step-
forming grain and cause the step to break-up. The impact may cause
the step-forming grain to slump into the pool or it may induce trans-
port of the step-forming grains downstream without causing a slump.
After the step-forming grain has been transported, the rest of the step
bedform is eroded.”

Burial (13 %): ”Sediment deposits in the area of the step until the step-
pool bed form is lost in the channel profile.”

As the break-up process of a step is a very rapid process, these findings
should be treated in a qualitative way. According to the above classification,
two main mechanisms can be distinguished. First, the scour in the pool
at the toe of the step exceeds the foundation depth of the step (tumble
and slump mechanism), which made-up the largest portion of observed step
break-ups (77 %). This observation have been confirmed by other authors as
well (Whittaker, 1987; Lenzi, 2001; Weichert et al., 2003).

The second fundamental mechanism is the step collapse due the impact
of other transported grains. This observation is confirmed by an observation
of Grant and Mizuyama (1991), who reported from flume experiments that
steps did not develop during phases of intensive sediment transport due to
the grain-by-grain collisions.

The buring mechanism, as described above, is not a direct break-up mech-
anism. In contrast to the slump, tumble and impact mechanism, that can
be attributed to processes in the meso- or micro-scale, buring occurs due to
large-scale bed-level variations. This process always requires a large sediment
input.

Besides the destabilisation of a step due to large, transported boulders,
some investigators focussed on the effects of finer sediment. According to
observations of Whittaker (1982); Maita (1996) and Koll (2002), fine trans-
ported material has the potential to destabilise coarse, structured armour
layers. According to Koll (2002), this effect can be attributed to local changes
in the flow-field, evoked by the transport and accumulation of the fine ma-
terial. These observations from natural step-pool systems are confirmed by

90



6.6 Widely graded bed material

a physical model investigation of a structured, rough ramp, where the same
effects were reported by Semadeni et al. (2004).

Stability approaches

For small relative submergences, i. e. boulders that are in the same order of
magnitude as flow depth, the flow does not resemble shear flow conditions.
Therefore, Bathurst et al. (1982) proposed to apply empirically derived re-
lationships, where a critical discharge is directly calculated from empirical
relationships.

These type of equations trace back to the approach of Schoklitsch (1962),
who proposed a critical dimensionless specific discharge, qc to be a function
of the channel gradient, S. Additionally, dc denotes a characteristic grain
size:

q∗,c =
qc√

g(s∗ − 1)d3
c

= f(S). (6.14)

Bathurst et al. (1987) considered data of a variety of field and labora-
tory studies. Although the investigation focussed on steep channels, the
considered beds were mainly free of distinct bedforms. For the initiation of
movement, Bathurst et al. (1987) proposed

qc = 0.15S−1.12
√
gd3

50. (6.15)

Chin (1998) analysed step-pool sequences with slopes between S =0.013
and 0.115. Her analysis rely on an approach described by Costa (1983).
Costa bases his considerations on the principle that the particle weight or
size d is proportional to the velocity uc to move this particle

uc = 0.18d0.487. (6.16)

This approach stands in contrast to the investigation of Marion and
Weirich (2003) who simulated near-bankfull flow events in a small, step-pool
channel (S =0.088) by using controlled releases from a storage tank. Mar-
ion and Weirich (2003) observed that equal-mobility transport of bed load is
more evident than size-selective transport.

From laboratory experiments (see Rosport (1997)) with small ratios of
Wf/dmax =3.1-6.2 and channel bed slopes between 1.4 % and 8.9 %, Aberle
(2000) derived a stability approach, where the roughness is described by the
standard deviation of the bed elevations, s
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qc = 0.20 · sinα−1.30
√
gs3. (6.17)

Instead of the slope, S, sinα was applied, where α is the angle of the
channel bed against the horizontal. However, the differences between S and
sinα are small.

Palt (2001) carried out field measurements in mountain streams that ex-
hibit steps and pools in the Himalayan Karakorum. The bed roughness is
approximated with the characteristic grain size, d65

qc = 0.093
√
g(s∗ − 1)d3

65S
−1.25. (6.18)
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Figure 6.8: Comparison between the step-pool data of Rosport (1997) and
the stability approaches of Bathurst et al. (1987), Aberle (2000) and Palt
(2001).

Figure 6.8 shows the comparison of the approaches of Bathurst et al.
(1987) and Palt (2001) with the step-pool data of Rosport (1997). As the
approach of Aberle (2000) relies on the data of Rosport (1997), Equation
6.17 will not be considered in the following discussion. However, Aberle’s
approach will be applied to the data of the present study in Chapter 9.6.
As the data of Rosport (1997) were obtained with two different grain size
distributions, Equations 6.15 and 6.18 are calculated with an average grain
diameter. This is reasonable, as the differences for the characteristic grain
sizes d50 and d65 in Rosport’s study are small.

Figure 6.8 reveals that the equations of Bathurst et al. (1987) and Palt
(2001) exhibit the same trend as the data set and seem to give estimates of the
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lower and upper bound. The differences between the curves in Figure 6.8 can
be attributed to the different considered roughness geometries. Whereas the
equation of Palt (2001) relies on field measurements in step-pool streams,
Bathurst’s study focusses on channel beds with a more uniform grain size
distribution.

6.7 Man-made structures

6.7.1 General considerations

Structures stabilising the channel bed, as e. g. weirs, sills or check-dams, of-
ten act as ecological barriers, where the aquatic fauna is hindered to reach
upstream river sections. Hence, besides the stabilising demands, man-made
structures should also fulfill ecological design criteria (see e.g. Thomas et al.
(2000)). As a consequence, structures gain in importance that are oriented
on natural morphologies.

Figure 6.9 shows different types of nature-oriented man-made structures
that can be distinguished with respect to their range of application. Fig-
ure 6.9-a corresponds to a condition, where the bed stability of a gravel-bed
river is increased by the supply of coarser bed elements. These structures
can be considered as an artificial type of armoured surface layer, applica-
ble to slopes less than approximately 0.5-1 %. Design procedures have been
proposed e. g. by Lichtenhahn (1977) or Hartlieb (1999). Extending this ap-
proach to slopes of approximately 3-5 % requires the application of large iso-
lated roughness elements that are already in the same order of magnitude as
the flow depth (see e.g. Whittaker et al. (1988); Weichert and Bezzola (2002)).
Structures with large elements that are grouped to distinct bed forms resem-
ble step-pool systems that are applicable to slopes less than approximately
7-10 % (see e.g. Vogel (2003); Semadeni et al. (2004); Felix (2005)), depend-
ing on the boundary conditions (Figure 6.9-b). The classical ramp structures
(Figure 6.9-c) can be considered as a special case of these structured ramp
types. For the classical ramp structure, the boulders are placed in a very
dense configuration, so that almost no interspaces remain. For these kind
of structures design criteria have been proposed e. g. by Whittaker and Jäggi
(1986); Hassinger (1991) or Robinson et al. (1998).

For slopes larger than approximately 5-8 %, boulder check dams that
mimic large step-pool systems have been variously applied (Lenzi, 2002) (Fig-
ure 6.9-d). Whereas the open armour layers are not part of the present study,
the structure types illustrated in Figures 6.9-b to d will be considered in more
detail.
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a)

b)

c)

d)

Figure 6.9: Different types of man-made structures, a) isolated roughness
elements, b) structured block ramps, c) classical ramp, d) boulder check
dams.
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In general, the stability of man-made structures can be approached from
two different sides. For the stability of the individual step features, criteria
regarding a prevention of the failure mechanisms must be considered. On
the other hand, the stability of the whole ramp structure, is often assessed
by the determination of a critical specific discharge (see Equation 6.14).

6.7.2 Failure mechanisms

Generally, all the above structures consist of large bed elements that are
placed in a specific configuration on the channel bed. The interspace between
these elements usually is covered with finer base material.

For classical ramp structures, Whittaker and Jäggi (1986) distinguished
the following failure mechanisms: direct erosion of the boulders, inner erosion
of the underground material, and scour at the toe of the ramp structure. The
inner erosion is characterised by the entrainment of the base material in the
interspace between the large bed elements, i. e. the larger particles are moved
as they are undermined by the erosion of the surrounding base material.
Considering structured ramps, the scour at the toe of an individual step
feature can be considered as a special case of the inner erosion mechanism,
as the step collapse is triggered by the local erosion of the base material. In
contrast to these mechanisms, the outer erosion is associated with the direct
mobilisation of the large bed elements by the hydrodynamic forces.

In general, the assessment which of the described failure mechanisms dom-
inate, depend on the design concept and its implementation at the individual
structure.

Stability of the base material

In general, the stability of the whole ramp structure is determined by the
stability of the large bed elements. Following this, the erosion of base material
must always be considered with respect to its consequences on the stability of
the larger bed elements. In this connection, the ratio between the large bed
elements and a characteristic grain size of the finer underground material,
D/d, is one of the fundamental parameter.

According to the study of Raudkivi and Ettema (1982), two different
mechanisms can be established: embedding and sliding of the boulders. For
D/d > 17, the embedding of the large boulders in the fine underground domi-
nate, whereas for values D/d < 6 sliding of the boulders on the underground
material is the significant mechanism. As a consequence, for a design of
nature-oriented man-made structures an appropriate ratio between the step
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forming boulders and the underground material should be established.

In addition, the stability of the base material can play a relevant role in
cases where the interspaces between individual step features are large enough
to establish quasi-uniform flow conditions between the steps, as e. g. for suc-
cessions of large grade control structures. As these bed sections may be
subjected to armouring, an excess of the stability could lead to the mobilisa-
tion of large amounts of sediment. This in turn could endanger the stability
of the step structures. This effect stands in close connection to the destabil-
isation of the step structures due to the transport of fine material, as it has
been described for naturally developed step-pool systems (see Chapter 6.6.2).

The scour depth at the toe of a ramp structure is inversely related to
the energy dissipation on the ramp structure. Hence, equations predicting
the scour depth largely are oriented on the individual ramp design and the
hydraulic boundary conditions, as e. g. the tailwater depth and the impinging
angle of the jet inducing the scour. Whittaker and Jäggi (1986) advanced an
approach to calculate the scour depth at the toe of classical ramp structures.
The study of Semadeni et al. (2004) showed that the scour dimensions at
the toe of structured ramps could be in the same order of magnitude or even
exceed the values proposed for classical ramp structures.

Δh

Δz

h0

Energy line

hc

l2

l1

ht    

hs
Seq

am

H0

Figure 6.10: Definition sketch for parameters describing the local scour phe-
nomenon.

In contrast to the local erosion at the toe of the ramp structure, the scour
at individual step structures correspond to a local erosion evoked by a ver-
tically impinging jet. For these conditions an abundance of approaches exist
that are oriented on different specific boundary conditions. In the following,
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some selected approaches are considered that describe the scour dimensions
behind vertical step structures. More detailed summaries can be found for
example in Whittaker and Schleiss (1984); Hoffmans and Verheij (1997) or
Comiti (2003).

Figure 6.10 shows a definition sketch with the relevant parameters describ-
ing the local scour phenomenon. In general, the dimensions of the scour, ex-
pressed by the parameters Δz, hs, l1 and l2, mainly depend on the difference
between the approach flow depth and the tailwater depth Δh, the tailwater
depth ht, the specific discharge q and the base material in the scour hole,
usually described by a characteristic grain size dc. In case of successions of
steps, the morphological jump am, is often applied instead of Δh (Comiti,
2003). The morphological jump is defined as

am = (S − Seq)L, (6.19)

where Seq is the ultimate or equilibrium slope of the stream section be-
tween the scour hole and the following step structure, L is the step length,
and S is the overall channel bed gradient. However, Δh depends on the pa-
rameters of Equation 6.19, hence, Δh and am are interrelated with each other.

Comiti (2003) analysed the scour hole development behind grade control
structures at steep channel gradients from both, laboratory and field data.
He found an influence of the distance between the step structures on the
scour hole development. Consequently, for large step lengths, he proposed

Δz + hs

H0

= 0.44 + 1.45

(
am

H0

)0.86

+ 0.06

(
am

(s∗ − 1)d95

)1.49

. (6.20)

Herein, H0 expresses the specific energy height which can be calculated
for a rectangular cross-section with

H0 = 1.5

(
3

√
q2

g

)
. (6.21)

The range of application of Equation 6.20 is given with am/H0 =0.22-1.87,
and am/(s

∗d95) =0.16-1.15. The ratio of the step length to the maximum
grain size L/dmax was 12.4.

For smaller step lengths, i. e.L/dmax =6.2, Comiti (2003) found smaller
values for the maximum scour depths, and proposed
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Δz + hs

H0

= 2.68

(
am

H0

)0.43

s−0.19
g

(
1 − e−0.14L/H0

)
. (6.22)

Herein, sg denotes a parameter that accounts for the grain size distribu-
tion of the base material

sg =
1

2

(
d84

d50

+
d50

d16

)
. (6.23)

The range of application for Equation 6.22 is given with am/H0 =0.19-
1.87 and sg =1.48-5.95.

Thomas et al. (2000) presented design criteria for sizing step-pool struc-
tures that were derived from the evaluation of field data obtained in 10 step-
pool channels. For the scour depth behind the step structures, they suggested

Δz + hs

Ww

= −0.012 + 1.39
HΔ

Ww

+ 5.514
Sq25√
gW 1.5

w

. (6.24)

In addition to the definitions in the Figures 5.6 and 6.10, the parameters
in Equation 6.24 denote the following: Ww is the width of the free water
surface, S expresses the channel bed gradient, and q25 is specific discharge of
a flood with 25-year return interval.

A simpler relationship was proposed by Lenzi (2002) for the design of
uncemented boulder check-dams. For the average step height H = Δz + hs,
he proposed to use H = 2d90, whereas for the design of individual steps,
the range of H = 1 − 4d90 should be kept. The step height in turn can be
regarded as a measure for the expected scour depth.

Direct erosion of step forming boulders

The assessment of a ramp collapse due to the direct erosion of the large
boulders reduces to the consideration of incipient motion for a single grain
embedded in its environment. As considered in Chapter 6.5.3, the incipient
motion criteria depend on the local turbulent flow field as well as the posi-
tion, size and form of the boulders. Hence, a deterministic approach seems
to be almost inaccessible.

It is remarkable that the direct erosion of a step-forming boulder by the
flow has seldom been observed for naturally developed steps. This implies
that the flow-induced interlocking of the bed elements lead to more stable bed
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features than constructed step features. The natural accumulation of parti-
cles implies a certain variability of the structures. In contrast, the individual
behaviour of a ’built variability’ is almost unpredictable. As a consequence,
man-made structures usually imply a certain degree of regularity to avoid
unexpected effects. This regularity could have an influence on the stability
of the step structures in cases where the step lengths are small. Depending
on the relation between step length and flow depth, standing waves could
develop (Semadeni et al., 2004), similar to the transition flow shown in Fig-
ure 2.8. For specific wavelengths, these waves could represent a high local
impact on the step structures.

From the design criteria presented by Thomas et al. (2000), a minimum
boulder size of the step-forming boulders can be calculated. Thomas et al.
(2000) employed a design method for steep slope riprap, proposed by the
U.S. Army Corps of Engineering

Dmin =
1.95S0.56q

2/3
25

g1/3
, (6.25)

where Dmin is the minimum boulder size, q25 is the specific discharge with
a return period of 25 years, S is the channel gradient, and g is the acceler-
ation due to gravity. However, from field observations Thomas et al. (2000)
noted that the mean observed boulder size was significantly larger thanDmin,
hence, the steps should be anchored with larger bed elements, for that no
design criteria are given.

Lenzi (2002) proposed design recommendations for cemented and unce-
mented boulder check-dams. In terms of the direct erosion mechanism, he
pointed out the importance of the step configuration. In analogy to Thomas
et al. (2000), Lenzi proposed step structures that are arched or V-shaped
against the direction of flow. However, as the flow at V-shaped structures is
concentrated to the middle of the channel, this step-type implies an increased
local scour depth at the toe of the step. For the vertical configuration of the
step, Lenzi (2002) proposed to prevent to lay more than three boulders in
the vertical direction and to place the boulders with their long axis in the
direction of flow. The latter suggests that sliding rather than rolling is the
significant mechanism for boulder movement. An equilibrium of forces that
used the basic principles, described in the Chapters 4.6 and 6.2, led to a
rough approximation of the critical velocity

uc ≈ 3
√
Da, (6.26)
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where Da is the longest axis of a step-forming boulder. As Equation 6.26
is dimensionally incorrect, Da should be included in [m] to obtain uc in [m/s].

However, as described in Chapter 6.2, it is emphasised that such a con-
sideration always requires a significant number of assumptions and simplifi-
cations. Hence, the application of equations of type 6.26 could only give a
rough estimate of the real critical conditions.

6.7.3 Overall stability of ramp structures

Summaries of existing formulas concerning the stability of ramp structures
are given e. g. in Palt (2001); Palt and Dittrich (2002) or Vogel (2003).

In the following, some selected approaches are discussed that focus on the
stability of nature-oriented man-made structures, as structured ramps, and
boulder check-dams.

Structured ramps

A design concept for ramp structures that are oriented on natural step-pool
systems has been proposed by Palt (2001) (see also Palt and Dittrich (2002))
for slopes between 2 and 12 %. According to these references, the overall
stability of the ramp structure can be assessed with

qc = 0.093S−1.25
√
g(s ∗ −1)d3

65. (6.27)

In case of designing the ramp structure, Palt (2001) proposed the applica-
tion of a discharge with a recurrence interval between 20 years and 50 years.
In the following, the grain diameter, d65, can be calculated with Equation
6.27. The grain size distribution can be approximated with the following set
of equations

d84 ≈ 1.6d65, (6.28)

σg =

√
d84

d16

= 3 − 5. (6.29)

In order to support the development of a step-pool system, the steps
should be arranged with respect to Equation 3.2. An important restriction
was made by Palt (2001) with respect to the flow conditions on the ramp.
He argued that the average Froude-number on the ramp should always be in
a subcritical condition. In order to test this restriction, Equation 5.39 was
suggested to be used.
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Vogel (2003) investigated structured ramps that mimic step-pool systems
for channel gradients between 3.3 and 10 %. For the critical discharge, that
corresponds to a total destruction of the ramp, she found the empirical rela-
tionship

qc =
(
0.05S−1.463 − 51.4

(
1 − 0.54e6.07S

)
e−48S

) · 0.774
√
g(s∗ − 1)d3

s. (6.30)

Herein, ds is the average equivalent stone diameter of the step forming
elements, as defined in Equation 5.41.

Felix (2005) carried out flume experiments at slopes of 3, 5, and 8 %. The
step structures were constructed from two layers of loosely interlocked step
elements with a size of D65 =35 mm. A relatively uniform base material was
chosen with a characteristic grain size of d65 =14 mm. This results in a ratio
of step-forming particle to base material of D65/d65 =2.6. The ratio of step
length to step height was varied in the range of L/H =7-14.

Felix (2005) found that the stability of the ramp structure can be ex-
pressed by the criteria of Whittaker and Jäggi (1986)

qc = 0.257S−1.17
√
g(s∗ − 1)d3

65. (6.31)

This critical discharge corresponds to a total destruction of the ramp.
First movements and rearrangements of the step forming structures are pos-
sible to occur at significantly lower discharges. In case that the discharge is
30 % of the value from Equation 6.31, Felix (2005) stated that most probably
no damages occur. Whereas, q is increased to 60 %, significant damages can
be expected, when applying the ramp design from Felix’s study.

Figure 6.11 shows a comparison between the presented approaches for
nature-oriented man-made structures and the equation of Aberle (2000). This
approach describes the stability of natural step-pool systems in the way that
the critical discharge, qc, is plotted depending on the channel gradient, S.
These curves are calculated, applying an example with dm,D = d90 = 2d65 =
1.0 m. Although all relations show a similar trend, the individual approaches
differ significantly between each other. These discrepancies underline three
important aspects when considering the stability of nature-oriented man-
made structures.

First, a comparison of the illustrated approaches is only possible, if some
assumptions are made with respect to the conversion of different grain sizes.
As a result, as long as the roughness structure is described by a characteristic
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grain size, proposed design criteria are always oriented on the individual ramp
design.
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Figure 6.11: Comparison of approaches that describe the stability of nature-
oriented man-made structures.

Following this, the second main reason for the differences in Figure 6.11
lies in the individual design of the investigated structures. The design of
the ramp structure influences the significance of the individual failure mech-
anisms on the ramp stability. For example for the experiments of Felix (2005),
relatively rough base material was chosen which restricted the development
of a scour hole behind the step structures. In contrast, Palt’s considerations
focussed on natural base material, hence, local scour at the step structures
played a significant role for the ramp stability. In a similar way, the con-
struction of the steps play a major role, as it has a fundamental influence on
the direct erosion of the step stones.

The third important aspect concerns the definition of stability. The equiv-
alence between the step-pool experiments of Felix (2005) with Equation 6.31
refers to a condition where the instability of the ramp was reached, which is
usually accompanied by large erosions. In contrast, the equation proposed by
Aberle (2000) corresponds to the maximum stability at a distinct discharge.
An excess of this critical discharge does not necessarily correspond to large
amounts of eroded sediment. Following this, the determination of a critical
discharge must always define the underlying state of stability. Whereas in
case of man-made ramp structures, the definition of a maximum state of
stability seems to be possible, this is more complex for naturally developed
step-pool systems.
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6.7.4 Boulder check-dams

In steep open channels, check dams made of concrete or wood are the most
commonly applied structures with respect to a channel bed stabilisation.
Recently, the use of boulders gained in importance in order to give the en-
gineering structure a more natural appearance. However, due to the lack of
fundamental research those boulder structures are often strengthened using
cement, steel cords, or micropiles (Lenzi, 2002).

Design criteria for uncemented boulder check-dams usually base on the
considerations of the different failure mechanisms as described in the previous
subsection (Thomas et al., 2000; Lenzi, 2002).
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Chapter 7

Summary of the Literature
Review and Goal of the Study

7.1 Summary of the literature review

In every stream, the physical processes are determined by the interaction
between the flow and its boundary. In mountain streams and torrents this
interaction is particulary complex. The main reason is the great spatial and
temporal variability apparent in all physical features, as e. g. channel gradi-
ents, water supply, channel boundary, grain sizes, or stream course.

The geomorphology of mountain catchments is characterised by succes-
sions of steep and flat channel sections in different scales. Four geomorpho-
logic scales can be distinguished:

• the reach-scale,

• the macro-scale,

• the meso-scale, and

• the micro-scale.

In the reach-scale, the geomorphologic features refer to landforms rather
than bedforms. Macro-scale bed features, mainly described for gravel bed
rivers, are characterised by successions of riffles and pools that are often
associated with bar features at the channel sides. Steps and pools correspond
to the meso-scale, whereas in the micro-scale, the focus is on individual grains
or small-scale bed features as e. g. small clusters. Under field conditions, all
combinations of scales are possible and have been described in literature.
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However, there is a major lack of studies focussing on the scale-dependent
considerations of flow resistance and stability in steep open channels.

In low- and midland rivers, the channel bed roughness is described with
a sufficient accuracy by a characteristic grain size percentile of the surface or
subsurface bed material. By extending this model to steep open channels,
two main difficulties arise. First, a characteristic percentile of the surface
or subsurface material is not able to describe the roughness structure of the
bed. Second, the determination of a characteristic grain size is difficult in
steep open channels as large boulders complicate a representative sampling
and hillslope processes amplify the local character of the composition of the
surface layer.

Several field studies focussed on finding correlations between different
morphometric features to shed light on the morphogenesis and roughness
geometry of step-pool systems. The main result of these studies is the large
variability for reach-averaged values and, even more pronounced, for local
values. However, some prominent relations could be established, as e. g. that
step length, as well as the ratio of step length to step height L/H, are in-
versely related to the channel slope, S. Furthermore, a variety of researchers
observed that step structures become clearer and more distinct at high slopes.
This is confirmed by an evaluation of field data, where the variability of ob-
served L/H-values decreases with slope (compare Figure 3.4). The large
variability of bed features found in steep open channels is in accordance with
the results of flume studies, where steps and pools were observed but could
not be extracted from digital elevation models (DEM). This disaccord can be
attributed to the fact that bed features occur in a wide range of sizes, sug-
gesting that meso-scale bed features in steep open channels are characterised
by a self-affine behaviour.

Recently, other roughness parameters were introduced to account for the
roughness structure in channels with coarse, structured beds. One of them
is the standard deviation of the bed elevations (compare Equation 3.4). This
parameter is a reasonable proposal, as the standard deviation per definition
accounts for the variability of the bed roughness. The standard deviation is
calculated from the residual heights of the mean bed level. Hence, by consid-
ering a digital elevation model (DEM), its determination requires the removal
of the linear trend from the data. Due to the spatial variability, the question
arises over what length the standard deviation should be determined. This
important issue is closely associated with the occurrence of bed features in
different geomorphologic scales.

The processes that are responsible for the formation of steps and pools
concerned several researchers. However, in correspondence to the variabil-
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ity of the bed structure, a large variability can also be assessed regarding
the advanced opinions with respect to the morphogenesis of steps and pools.
That means, no generally accepted theory exists that conclusively explains
the origin of steps and pools. In this context, the antidune theory is the
most frequently discussed theory in literature. According to this theory, the
stepped channel morphology can be attributed to armoured relicts of an-
tidunes. Observations from flume experiments and field studies, both gave
indications for the validation or rejection of this theory.

Investigations considering the flow field at plane beds revealed a signifi-
cant difference between small-scale and large-scale roughness conditions. In
general, the flow field at large relative roughnesses is mainly determined by
the separations at individual roughness elements. This behaviour is par-
ticulary pronounced in step-pool systems, where, even at high flow rates,
flow depths are in the same order of magnitude as the bed element heights.
Hence, the bed morphology mainly determines the flow field, and occurring
flow structures are fixed to the morphologic features.

A large quantity of studies focused on the examination of flow separations
at single idealised structures. Although these investigations contribute to a
better understanding of the wake flow in the vicinity of individual obstacles,
they have not yet the potential to be extended to natural step-pool systems.
The large variability of observed bed features, the significance of the relative
position of one bed feature to its neighbours, and the interaction with the free
surface with air-entrainment processes produce complex wake-interference
flow conditions.

As a conclusion, the assumptions of a two-dimensional parallel flow that
lead, in combination with Prandtl’s mixing length-theory, to the logarithmic
law of the wall are not valid for flows with large relative roughnesses, as
e.g. typical for step-pool channels. Hence, approaches relying on the loga-
rithmic law, have to be considered as empirical procedures.

Flow resistance equations generally base on the assumption of uniform
flow, which is a condition not applicable to torrents. However, due to the
periodic nature of bed morphology and flow field, the definition is usually
extended to quasi-uniform flow conditions that applies, if an average over a
certain area is considered.

The literature review revealed that flow resistance equations derived for
large relative submergences significantly underestimate the flow resistance in
step-pool channels. An adaptation of the characteristic grain size within these
equations has the potential to improve the results. However, this procedure
gives values of the equivalent sand grain roughness that could be larger than
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the flow depth which is physically unreasonable. Approaches that account for
the deviating near-bed flow conditions give better approximations. However,
these approaches usually include a characteristic grain size that has not the
potential to describe the roughness structure.

A relatively new approach was proposed by Aberle (2000) (see also Aberle
and Smart (2003)), where the standard deviation of the bed elevations was
introduced as a roughness parameter. Due to the lack of detailed digital
elevation models of step-pool systems, a validation of this approach with in-
dependent data is necessary.

Deterministic and probabilistic considerations of the stability at plane
beds with large relative submergences do not apply to the flow conditions
over coarse, structured beds. Again, the reason is the large spatial variability
in connection with the small relative submergence. Following the realisation
that the flow field could not yet be described with a fundamental physical
background, a variety of empirically derived stability approaches have been
proposed during the last years. Again, most of them rely on a characteristic
grain size as roughness parameter. An exception is the approach proposed
by Aberle (2000), who used the standard deviation of the bed elevations to
derive a stability approach for step-pool channels.

The stability of nature-oriented man-made structures largely depends on
the design of the individual structures. Whereas for naturally developed
steps, the scour at the toe of a step played the most significant role, a variety
of other failure mechanisms have been observed for structured, rough ramps.
The direct erosion of step-forming boulders, sometimes in connection with
a regular wavy flow regime is an important aspect, when the step-forming
elements are not sufficiently interlocked. As the research for these kind of
structures is at an initial stage, design concepts are strongly oriented on the
type of ramp under consideration.

7.2 Goal of the study

Existent approaches describing the bed stability rely on the calculation of a
critical condition. Following this concept, only two conditions of the bed are
possible: stable or unstable. However, as known for plane bed rivers with
wide grain size distributions, this model is not realistic, as the transition from
a stable bed to an unstable bed occurs gradually. This behaviour is espe-
cially pronounced in steep, boulder-bed rivers, as the movement of the large
boulders is a necessary condition for the formation of the typical step-pool
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features. Hence, a main goal of the present study is to contribute within the
field of bed stability. In this connection, the assessment of the interrelation
between the bed stability and the channel bed degradation is of particular
interest. The channel bed degradation in turn is a main influencing parame-
ter for the hillslope stability, hence, for the response of the channel boundary
to the bed processes.

The literature review revealed that the bed morphology in mountain
streams and torrents is largely affected by the occurrence of different geo-
morphologic scales. As a consequence, the present study focusses on the
investigation of geomorphologic scales on the various processes, as e.g. bed
morphology, flow field, flow resistance, and bed stability.

As there is a demand for river training structures that are oriented on
natural morphologies, the results of the naturally developed channel beds are
aimed to be used for the consideration of rebuilt step-pool systems. There-
fore, a main objective of the present study is to increase the understanding of
the connection between the naturally developed step features and the man-
made step structures in order to give recommendations for the design of
structures that resemble step-pool systems.

7.3 Methods

There are two general ways to increase the understanding of the processes in
steep open channels. Whereas field studies have the advantage that the real
system is the subject of investigation, the large number of influencing parame-
ters complicate a systematic consideration. In addition, processes affecting
the bed stability usually correspond to infrequent flood events. Therefore,
field investigations are usually limited to discharges significantly smaller than
the bedforming discharge.

The second principle way are physical model investigations. The advan-
tage is the possibility for a systematic and fast variation of the involved
parameters. However, a model always implies a consideration that bases on
an idealised system. To what extent these idealisations influence the different
processes, is an important issue that must be taken into account.

In the present study, it is focussed on the study of the fundamental
processes. Consequently, it was decided to carry out two sets of experiments
in a physical model. The first set investigated the processes in channels with
naturally developed beds. Within the second set of experiments, nature-
oriented man-made structures were considered. For these experiments, the
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results of the naturally developed step structures were incorporated to model
the steps. An emphasis was placed on a comparison between the stability of
natural and constructed steps.
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Chapter 8

Physical Model

8.1 Introduction

Referring to the goals of this study, two sets of flume experiments were car-
ried out. The first set focussed on naturally developed step-pool systems,
whereas the second set investigated the stability of man-made step struc-
tures. In the following sections, an overview on the implementation of the
various systems is presented. In order to simplify the description, the exper-
iments with naturally developed beds are termed ’Runs with self-generated
steps (SGS)’, whereas the constructed step structures are termed ’Runs with
modelled steps (MS)’.

8.2 Experimental set-up

8.2.1 Flume

The experiments were carried out in a tilting flume (see Figure 8.1 and Ap-
pendix 1) at slopes of 5, 9, 10 and 13% for the SGS-runs, and 10, and 13 %
for the MS-runs. The accuracy of the flume slope could be specified with
±0.1 %. The flume was rectangular in shape, 13.40 m long, 0.60 m wide and
0.60 m deep. As the flume could only be adjusted to slopes up to 10 %, a
wedge was used to reach the flume slope of 13 %. This resulted in a shortened
usable length of the flume of 8.50 m. The width of the flume was adjusted
with wooden casing-boards to obtain widths of 0.30 m and 0.15 m respec-
tively. Control measurements revealed an accuracy of the width of ±2 mm.
The sidewalls of the flume were made of glass and steel. The influence of
the channel boundary was tested with a sidewall correction (see e.g. Bezzola
(2004)). However, due to the extreme bed roughness and relatively high ra-
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tios of width, W , to flow depth, h, the resistance was little affected by the
sidewalls. As a consequence, for the evaluation of the present data set, no
differentiation was made between the flow depth, h, and the hydraulic radius
of the bed section, R.

Slope Range: S = 0.05-0.13

Positioning system
with laser / ultrasonic
device

Width W = 0.15 - 0.60 m

Fix sill at channel outflow

Filtering basket with 
weighing device

1
1

2
2

3

3

4

5

5

4

Figure 8.1: Flume used for the experiments.

A coordinate system was defined with the x-axis along the length of the
flume, the y-axis transverse to the length of the flume, and the z-axis per-
pendicular to the channel bed.

8.2.2 Sediment

For both, the SGS-runs as well as the MS-runs, two different widely-graded
sediment mixtures were used. The gradations for the SGS-experiments roughly
correspond to the Steinibach-torrent, Canton of Obwalden in the Swiss Alps
with a scale of 1 : 20 (mixture 1) and 1 : 10 (mixture 2), respectively (Figure
8.2). For the MS-runs, the grain size distributions are separated into the
curve for the base material (mixtures 3 and 4) and the curve for the step
stones (see Table 8.1).

The ratio of flume width to maximum grain size, Wf/dmax, is an impor-
tant parameter with respect to the development of bed features in different
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scales. Within the present study, the Wf/dmax-ratio was varied between 3.3
and 13.2. A comparison with other step-pool flume studies (see Table 8.2)
reveals that most of the previous investigations focussed on smallerWf/dmax-
ratios.
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Base material - mixture 3
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Figure 8.2: Grain size distributions applied in the flume experiments.

Mixture d16 [mm] d50 [mm] d84 [mm] d90 [mm] dmax [mm] dm [mm]

1 2 6 19 26 45 10

2 4 12 38 52 90 20

3 2 7 33 41 65 13

4 2 5 19 26 45 10

5 66 82 85 87 90 78

Table 8.1: Grain size characteristics of the bed material.

The sediment mixtures consisted of rounded material. The mean specific
gravity of all of the size fractions was 2.61. The standard deviation of the
gradation curve, σg =

√
d84/d16 was 3.1 for mixtures 1, 2 and 4, σg = 4.1 for

mixture 3, and σs = 1.1 for the step material of the MS-runs.
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Author Wf/dmax

Whittaker and Jäggi (1982) 2.6

Grant and Mizuyama (1991) 7.8-8.3

Rosport (1997) 3.1-6.3

Lee (1998) 4.7

Crowe (2002) 2.3-3.3

this study 3.3-13.2

Table 8.2: Ratios of flume width to maximum grain size for different step-pool
flume studies.

8.3 Measurement techniques

8.3.1 Discharge

The flume was equipped with two pumps. The water discharge of the small
pump ranged up to 54 l/s, whereas the maximum possible discharge of the
large pump was 540 l/s. A valve to regulate the actual discharge was remotely
controlled by a PC. Water passed from the pump through a supply pipe
located below the flume into a head tank. In order to tranquilise the flow,
large boulders formed a ramp over that the water passed on the sediment
bed. At the channel outlet, water was recirculated and the water discharge
was measured in the return pipe by an electromagnetic flowmeter with an
accuracy of ± 0.1 l/s for the small pump and ± 1 l/s for the large pump. Due
to the higher accuracy, the small pump was used as long as possible.

8.3.2 Laser distance sensors

Because of the significance of the bed morphology on the physical processes,
the sensing of the topography played an important role and was performed by
a laser displacement sensor. The laser sensor was installed on a x-y position-
ing system that automatically scanned the bed surface in a predetermined
regular, dense grid (compare Figure 9.2). Apart from small sections near
the channel inflow and outflow, the whole channel bed was recorded with
sample intervals of Δx =0.02 m in the main flow direction, and Δy =0.01 m
in the lateral direction. Compared to the maximum grain size of mixture
1, this is equivalent to 0.44 dmax in the x-direction, and 0.22 dmax in the y-
direction. Depending on flume width, between 12 and 54 longitudinal profiles
were recorded.

The precision of the laser probe is ±1.5 mm in the z direction, and <1 mm
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in the x-, and y-direction. Mismeasurements were seldom but could occur
when the laser signal was not detectable for the receiver due to reflections or
disappearance of the laser ray in a gap. These outliers were detected and au-
tomatically corrected by an interpolation of neighbouring measuring values.

The laser measurements were carried out at dry and wet bed conditions,
respectively. At a dry bed, the laser data was used to obtain a detailed map
of the bed topography. At a wet bed condition, the laser data was used to
distinguish between wet and dry channel bed sections. At each point of the
measuring grid, the laser recorded 0.1 s with 100 Hz, and the mean and the
standard deviation of these measurements were saved. In case of dry bed
sections, the standard deviation was less than 1 mm. As the standard devia-
tion at wetted points was significantly larger, a threshold value of 2 mm was
defined to distinguish between wet and dry channel bed sections.

Most of the experimental results base on the analysis of longitudinal pro-
files obtained from the laser measurements. The discrimination between wet
and dry sections allowed to adapt the analysis of the longitudinal profiles to
the flow course. In this respect, an automated algorithm was developed and
was applied to the digital elevation data.

If no bar structures were present, the longitudinal profiles were taken in
the lengthwise direction of the flume, parallel to the flume side walls. If
bar features were present, the longitudinal profiles were defined by following
the channel alignment (see Figure 8.3). This procedure resulted in distorted
increments of the longitudinal profiles depending on the bed morphology.

Figure 8.3: Procedure for the evaluation of the longitudinal profiles depend-
ing whether bar features were present or not.
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8.3.3 Ultrasonic devices

In addition to the laser sensor, an ultrasonic probe was installed at the po-
sitioning system in order to detect the free water surface. For a calm wa-
ter surface, the probes gave a digital distance reading with a resolution of
±0.5 mm. However, for the small relative submergences considered in the
present study, a heavily disturbed, unsteady water surface existed. The mea-
suring signal had a conical extension with an angle of propagation of 10 °on
each side of the 13 mm wide probe (see Figure 8.4). The shortest distance
within the considerable large detection area in a specific time interval was
recorded. Following this, the ultrasonic devices were not considered to deliver
highly accurate values of the local flow depth. However, preliminary tests re-
vealed that averaging of the local values over a length of 8 cm ≡ 1.8dmax was
sufficient to remove the influence of the unsteady free surface.

13 mm

10

Figure 8.4: Ultrasonic probe with its area of detection.

8.3.4 Salt dilution method

The salt dilution method is often applied for estimating discharge and mean
flow velocity in steep open channels (Whittaker, 1982; Smart and Jäggi, 1983;
Hodel, 1993; Rosport, 1997; Lee, 1998). It bases on the fact that salt in solu-
tion increases the electrical conductivity of water. According to Lee (1998),
there are two main types of salt dilution gauging. They differ, whether the
salt is introduced as a single injection or as a steady continuous supply.
Within the described experiments, the single injection method was applied,
where a slug of a salt dilution was instantaneously supplied near the channel
inflow. In order to support horizontal mixing, the solution was introduced
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over the whole width of the channel at the same time. Preliminary exper-
iments were carried out, where paint was supplied to the flow to visually
study the mixing behaviour. In accordance with the findings of Rosport
(1997), these experiments revealed a strong vertical mixing due to the large
flow turbulence. Hence, the mixing length of the salt dilution was short
enough to apply the method within the flume.

The formation of density layers due to density differences between the salt
dilution and the water has shown to be significant at low Reynolds-numbers
(Schmid et al., 2004). For the highly turbulent flow in steep open channels,
this phenomenon is expected to be insignificant.

The conductivity measuring apparatus is shown in Figure 8.5. Eight
probes were constructed at the VAW, each with a measuring cross section of
24 mm2 (4 mm x 6 mm). They were connected with a PC, where the analogue
conductivity signal was sampled with a frequency of 10 Hz. Depending on
the wetted width, a number of probes were arranged horizontally at selected
cross sections (Figure 8.5). In a vertical direction the probes were arranged
in the middle of the flow depth. As the probe dimensions were relatively
small in comparison to their distance between each other, their influence
on the flow field with respect to the following considered cross section were
negligibly small.

A1 A3A2

A4

probes

Figure 8.5: Apparatus and arrangement of the salt dilution probes.

As soon as the solution was introduced into the channel, it began to
diffuse under the influence of turbulence. Following this, a solution wave of
finite length was detected at the locations of the probes (Figure 8.6). The
lateral distribution of the recorded solution waves within a cross-section was
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measured by the different probes and can be transformed into information
about the specific discharge by calculating

qi =
Ai

At

· Q
Wp

, (8.1)

where qi is the specific discharge averaged over the zone of influence of
the probe, Q is the total discharge measured by the electromagnetic flow
meter, Wp is the lateral extension of the zone of influence of the probe, Ai is
the area of the solution wave recorded by probe i (compare Figure 8.5), and
At = ΣAi denotes the total recorded area of all slug waves within the cross
section.

As the probes gave punctual records of the solution wave, it must be
emphasised that the lateral distributions of the specific discharges gave still
average results, however in a higher resolution as the calculation of the cross
sectional average qm with

qm =
Q

Ww

, (8.2)

where Ww denotes the mean wetted width. This parameter results from
an averaging of the wetted widths calculated for every cross section.

0.4

0.6

0.8

1

1.2

1.4

1.6

2682 2684 2686 2688 2690 2692 2694

time [s]

co
nd

uc
tiv

ity
 [m

S
]

Probe 1
Probe 2
Probe 3
Probe 4

Figure 8.6: Salt solution waves detected by probes measuring the conductiv-
ity.

For each configuration, the measurements were repeated in minimum
three times. Due to the punctual arrangement of the probes in a 3D-flow
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field, variations are expected even for the same configuration of probes. In
preliminary tests, several runs were carried out for the same probe arrange-
ment. Generally, the runs show deviations of the specific discharge that were
less than 5 %. Some few experiments revealed differences smaller than 10 %.
These variations demonstrate the relatively steady behaviour of the distri-
bution of the specific discharge within a cross-section. This is a necessary
assumption for the application of Equation 8.1, as there were temporal vari-
ation of the passing solution waves for the different probes. However, these
variations were relatively small, (<2 s) (see Figure 8.6).

8.3.5 Visual observation

The literature review revealed a discrepancy between the visual impression
of step-pool systems and the digital elevation models obtained from flume
experiments (see Chapter 3.2.1). As a reason, the large variability of the real
roughness structure in contrast to the subjectively classified step-structures
in the field was assumed. For the present study, it was decided to visu-
ally inspect the apparent bed features. Although these measurements are
of subjective nature, they were important, as they linked the appearance of
step-pool systems to the real roughness structure which is much more com-
plicated and complex than the abstraction of successions of steps and pools.

In total, 634 steps were inspected. The visual inspection of the step-
pool geometry comprised the evaluation of step-length, step-height, type of
planform step structure, and size and orientation of step forming boulders.
The accuracy of the measurements lied within few millimeters. However, for
every step only one value was determined. As the variability even within one
step-pool structure was large, the error due the abstraction of the structure
exceeds the impreciseness of the measurement by orders.

8.4 Experimental procedure

8.4.1 Self-generated steps (SGS-runs)

Procedure

In the following subsection, the experimental procedure is described for the
SGS-runs (see Figure 8.7). In general, all experiments were carried out with-
out additional supply of sediment. In a first step, the well-mixed sediment
was placed in the flume with a thickness of 25-35 cm (≈ 5.5 − 7.7 dmax) de-
pending on the flume slope. The bed was flattened, so that a plane bed with
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homogeneously mixed sediment of known grain size distribution formed the
initial condition.

experiment

Q, Gb

run 1

Qmax , 1

Qmax , 2

Qmax , 3

Qmax , 4

Q2
Q1

run 2 run 3 run 4
time

Figure 8.7: Experimental procedure for the runs with self-generated steps
(SGS). Q is the discharge and Gb the rate of sediment transport.
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Figure 8.8: Cumulative sediment output at the channel outflow.

In a first step, the discharge required to saturate the void volume was
measured. Afterwards, the discharge was subsequently increased, allowing
for armouring and step-pool development. From the moment, when it was
subjectively decided that the bed resembled a natural step-pool system, the
discharge was held constant for a long duration (12-15 hours), i. e. sediment
transport ceased to zero. In the following, these bedforming discharges are
termed ’maximum discharge’ Qmax,i.

Besides the long duration of a run, Figure 8.8 shows that the main mod-
ifications occurred in the first minutes of the experiment. At a stable and
wetted bed condition, the salt dilution method as well as the laser- and ul-
trasonic measurements came into operation. When these measurements were
finished, the discharge was reduced to zero and the laser sensor was used to
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obtain the topography of the bed. Finally, the visual inspection of the mor-
phology was carried out at a small discharge, Q� Qmax.

In the following, the bed forming, maximum discharge Qmax,i was in-
creased to a value Qmax,i+1>Qmax,i, so that the existing bed structure was
destroyed and a new, stable structure could develop. As the development of
the roughness geometry was a main issue in the present study, the discharge
increments were small, i. e.Qmax,i+1/Qmax,i = 1.1 − 1.25. As the discharge
was held constant, the bed restabilised at Qmax,i+1 and the measurements
were repeated. This procedure continued until the sediment was eroded to
the bottom of the flume. For a run, where already considerable degradations
occurred but the flume bottom was not yet reached, the salt dilution mea-
surements, as well as the laser and ultrasonic measurements, were extended
to discharges smaller than the actual maximum discharge (see Figure 8.7).

Investigated parameter combinations

Table 8.3 shows the investigated parameter combinations for the experiments
with the sediment mixture 1. One experiment was established by one flume
slope and flume width. The different runs of each experiment were charac-
terised by different maximum discharges. The sediment mixture 2 was only
applied in one experiment in order to investigate possible scale-effects of the
model. The slope for this run was 10%, the flume width was 60 cm, and the
discharge ranged from 11-38 l/s.

For the following considerations, the experimental runs were denoted ac-
cording to the investigated parameter combinations. The following nomen-
clature was used: ’flume slope [%] - flume width [cm] - maximum discharge
[l/s] -actual discharge [l/s]’. As an example, the notation ’9-30-8-5’ denotes
the experiment at a flume slope of 9 %, a flume width of 30 cm, a maximum,
bedforming discharge of 8 l/s, and an actual discharge of 5 l/s.

Slope [%] Wf =15 cm Wf=30 cm Wf=60 cm

5 - Qmax = 8 − 15 l/s Qmax = 10 − 18 l/s

9 - Qmax = 5 − 8 l/s Qmax = 2 − 8 l/s

10 Qmax = 1.5 − 5.5 l/s - -

13 - Qmax = 2 − 6 l/s Qmax = 2 − 7 l/s

Table 8.3: Investigated parameter combinations for the SGS-runs and sedi-
ment mixture 1. Wf denotes the flume widths, and Qmax is the range of the
maximum, bed forming discharges.
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8.4.2 Modelled steps (MS-runs)

Procedure

Two series of experiments were carried out. In the first series, the main
influencing parameters were identified without any detailed measurements.
The results were used to consider selected step configurations in a more
detailed way.

The initial conditions of these experiments were equivalent to the SGS-
experiments, i. e. a plane bed of homogeneously packed sediment of known
grain size distribution (compare Figure 8.9). The step structures were built
into the base material with their top edge levelled to the surface of the plane
bed. Relatively large distances between the steps were chosen in order to
avoid that the flow field in the vicinity of a step was affected by the above
step.

Starting from a plane bed, the experimental procedure was similar as
described for the SGS-runs. The discharge was increased slowly to allow
for armouring between the step structures. For larger discharges, scouring
behind the step structure was the predominant bed modification. At each
chosen discharge increment, measurements were carried out, analogous to
the SGS-runs, except the visual inspection of the bed morphology. For the
SGS-runs, the limiting factor for the number of possible runs within one
experiment was the thickness of the sediment layer. Contrary, the number of
MS-runs was determined by the step stability. The experiments were stopped
when a total destruction of one single step occurred.

Figure 8.9: Initial stage (left) and developed stage (right) for MS-runs.
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Investigated parameter combinations

Table 8.5 summarises the investigated parameter combinations for the dif-
ferent experiments. Following the results of the SGS-experiments, transverse
steps were the most frequently observed step structures. As a consequence,
the lateral (y-direction) configuration was not varied, i. e. all step structures
were oriented transversely to the direction of flow (compare Figure 8.9). How-
ever, in the z-direction different step configurations were tested (see Figure
8.10).

Step-type 1 Step-type 2 Step-type 3

Step-type 4 Step-type 5 Step-type 6

ast

Figure 8.10: Step types investigated in the present study.

In Table 8.5, the step configurations are specified in more detail. Herein,
the step length denotes the distance between the individual step structures,
the step depth is the number of stone layers in the z-direction, whereas the
step thickness expresses the number of steps in the x-direction. The con-
figuration in the direction of the flow (x-direction) largely influences the jet
characteristics at the step. The impinging angle of the jet onto the channel
bed, in turn, mainly determines the shape of the scour hole which is a gov-
erning feature with respect to step stability. The impinging angle of the jet
is directly linked to the step slope, αst, as defined in Figure 8.10. Table 8.4
lists the step slope ranges for the different step types.

Step type 1 2 3 4 5 6

Step angle 0-10 40-50 50-60 40-50 10-20 10-20

αst [◦]
Table 8.4: Step slope, αst, as defined in Figure 8.10.
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Run VV1 VV2 VV3 VV4 VV5 VV6 DV1 DV2 DV3 DV4

Flume 13 13 13 13 13 13 10 10 10 10

slope [%]

Number 3 3 3 4 4 4 4 6 2 2

of steps

Step 1/2 2/4 4/2 1/3 5 6/1 4 4 4 4

types

(Fig. 8.10)

Step 3.00 1.40 1.40 1.65 1.40 1.40 1.10 3.20 2.70 2.80

length [m]

Step 2 1-3 1-3 3-5 3-5 1-4 1 3 2-3 3

depth

(No. in z-dir.)

Step 2 1 1 1-2 1 1 1 1 1 1

thickness

(No. in x-dir.)

Dis- 5-9 4-9 3-9 3-11 4-15 6-18 3-24 15-30 10-14 10-16

charge [l/s]

Base 3 3 3 3 3 3 3 3 4 4

material

(Fig. 8.2)

Table 8.5: Investigated parameter combinations for the MS-runs.
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8.5 Dimensional analysis and similitude

According to Yalin (1971), stationary non-uniform flow in a non-prismatic
stable channel, possessing a specified geometry and roughness, can be defined
by the following set of characteristic parameters:

μ, ρ,R, ks, U, S, g. (8.3)

Herein is μ the dynamic viscosity of the fluid, ρ is is the fluid density,
R is the hydraulic radius of the bed, ks is the size of the equivalent sand
roughness, U is the average velocity of the flow, S is the slope of the channel
bed, and g is the acceleration due to gravity.

These parameters refer to shear flow conditions. In contrast, the processes
in steep open channels additionally depend (among others) on the

• channel width and its variability,

• roughness structure and its variability,

• configuration of the channel banks and its variability,

• channel alignment,

• variability in the availability of the sediment, and

• turbulence, also influenced by air-entrainment processes.

The large number of influencing parameters make it impossible to study
the complex issue in its whole spectrum. As a consequence, flume studies
usually focus on an idealised consideration, where the lateral variation (width,
channel banks) is prevented. The literature review revealed the importance
of the roughness structure on the processes. A first measure to quantify the
variability of the roughness structure was proposed by Aberle (2000) with
the standard deviation of the roughness heights, s. As a consequence, this
results into the following dimensionless variables

X1 =
UR

μρ
,X2 =

s

R
,X3 = S,X4 =

U2

gR
. (8.4)

With the known definitions for the Reynolds-number and Froude-number,
the governing dimensionless variables are

X1 = Re,X2 =
s

R
,X3 = S,X4 = Fr. (8.5)
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According to Yalin (1971), in fully developed turbulent flow, the influence
of the Reynolds-number can be neglected from the considerations. How-
ever, attention must be given, as at a specific range of Reynolds-numbers
the drag-crisis can lead to a significant influence of the Reynolds-number
on the flow processes (see Figure 4.6). In case that the Reynolds-number
is in a noncritical range or that other processes dominate, the influence of
the Reynolds-number can be neglected. These kind of models possess the
following properties (Yalin, 1971):

• The roughness is scaled down in the same proportion as the external
dimensions of the flow, i. e. the model is geometrically similar, even with
respect to its roughness.

• The bed slope is identical to that of the prototypes.

• The velocity scale is equal to the square root of the model scale, i. e. the
model bases on the analogy in Froude-numbers.

In steep open channels with structured surfaces, the geometrical simi-
larity requires further consideration. In the present study, the concept of
geometrical similarity was implemented by using a sediment mixture that is
representative for alpine torrents. In contrast to the exact idea of geometrical
similitude, the turbulent flow over coarse sediment boundaries (large relative
roughness) must be exchanged for a statistical one (Furbish, 1987). Not the
grain size similitude is of interest but the similitude of the bedforms in var-
ious sizes and configurations. A detailed description of the bed morphology
with the goal to establish exact geometrical similitude is not possible. In con-
trast, the modelling of a statistically similar channel bed must be considered
(compare Equation 3.3).

Statistically similar bed morphologies can be modelled, if the parameters
influencing the bedform development are chosen carefully. In general, bed
features form due to a grouping of bed elements. Following this, the con-
ditions for the entrapment of a transported grain on a stable bed feature
determine the generation of a bedform. In this respect, not the absolute
sizes but the relative sizes of the transported grain and the bedform are of
interest. In addition, the energy of the transported grain, and the bedding
conditions of the stable structure play an essential role. As a consequence,
the use of a grain size distribution in the model that is similar to a natural
one is important in order to obtain similar bed roughness characteristics.

As the grouping of sediment is independent on the absolute size of the
sediment, this provides an indication of the self-affine behaviour of bedforms
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Figure 8.11: Three different steps formed at the same experimental run (be-
low) exhibit a similar appearance but are composed by step forming elements
of different sizes (above).
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in different scales (compare Chapter 3.2.1). Consequently, the self-affinity of
the bedforms is a preconditions for the investigation of steps and pools in a
physical model.

In other words, if the bed morphologies in steep open channels can be
modelled within a flume, then a fundamental characteristic of the considered
grain size distribution, in combination with the stream power, is the potential
to develop a self-affine structure. A detailed considerations of the conditions
for which a grouping of the sediment occurs, would shed light on the limits of
self-affinity and the morphogenesis of different types of bedforms. The simi-
lar appearance of the steps formed in the flume experiments and in the field
is shown in Figure 8.11, confirming the self-affine behaviour of the bedforms.

0

5

10

15

20

25

30

35

40

0 0.05 0.10 0.15 0.20

W=0.3 m
W=0.6 m
field data

L/
H

 [-
]

S [-]

Figure 8.12: Comparison between reach-averaged field data and local flume
data (SGS-runs): The ratio of step length to step height, L/H, depending on
slope, S.

A detailed measurement of the statistical similarity fails for the present
data set due to the lack of accordant field data. However, a similar resem-
blance of the bed morphology in the field and in the model can be assessed
by considering the subjectively classified step lengths and step heights. In
Figure 8.12, the ratios of step length to step height, L/H, of the visually
detected step structures are compared with field data (see also Figure 3.4).
As shown in Figure 8.12, the observed values for step length to step height
fit to the measured range of the field data, indicating that the performed
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experiments are suited to simulate step-pool formation. The larger scatter
of the flume data can be ascribed to the fact that local L/H values were
considered, whereas the field data usually bases on reach averaged values.

Besides the discussed issue of geometrical similitude, there are other lim-
itations for hydraulic models that must be taken into account (Martin and
Pohl, 2000). Turbulent flow is often associated with self-aeration. The geo-
metrical similarity of two-phase flow, however, is difficult, as the air envi-
ronment is identical between prototype and model, whereas the self-aeration
process largely depends on the flow velocities and the turbulence. In case of
step-pool systems, this effect may play a role for discharges that are signif-
icantly smaller than the maximum discharge. Under these conditions, tur-
bulence in the rollers behind the step structures play a dominant role with
respect to flow resistance. This effect looses in importance with increasing
discharge, hence, for the discharges near the bedforming event, it is assumed
that model effects due to air entrainment processes can be neglected.

Other limitations concern the minimum grain size to avoid effects of cohe-
sion and the capillarity of the flow that plays a role for sharp-edged overfalls.
In the present study, both effects can be neglected. The former due to the
chosen sediment sizes and the latter due to the highly variable flow field in
correspondence with irregular step structures that form the overfalls.
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Experimental Results

9.1 Introduction

The central concept of the following data analysis concerns successions of
steep and gentle gradient sections in different geomorphologic scales, as pro-
posed in Figure 2.2. The experiments revealed that these scales have to be
considered in the same way within the physical model.

Reach-scale: The flume over its whole length is regarded as one river unit
in the reach-scale with a sill determining the bed level at the channel
outlet.

Macro-scale: The macro-scale is determined by successions of riffles and
pools with typical length scales in the order of a few flume widths.

Meso-scale: The meso-scale is determined by successions of steps and pools
with typical length scales in the order of one channel width.

Micro-scale: Length scales in the micro-scale are determined by the indi-
vidual grains. As the sample interval of the laser measurements was
in the order of 0.44 dmax in the x-direction, its effects could only be
considered in a limited way.

In nature, all combinations of geomorphologic scales are possible and
have been described in literature. As the present study focusses on steep
open channels with successions of steps and pools, only those combinations
are of interest, that contain the meso-scale bed features.

Physical model investigations always require a dimensionless considera-
tion of the involved parameters to scale the results from the model to the
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prototype. In this context, a scale-independent description of the roughness
structure is required which is one of the fundamental problems when different
geomorphologic scales exist. Under idealised flume conditions, the occurrence
of the bed features in different scales largely depend on the channel width
and the grain size distribution. In the following considerations, all parame-
ters having a unit length are referred to the maximum particle size of the
grain size distribution. The relation between the maximum grain size and
the flume width of the present study is shown in Table 8.2.

Under field conditions, the maximum grain size, as well as the channel
width at a bedforming discharge, are not always obvious. In case of the
maximum grain size, the reference to a characteristic grain size of the step
forming elements is more promising. As it will be discussed in Chapter 9.2.4,
the composition of a step depends on the stream power to move the sediment,
i e. the mean grain size of the step forming elements varies. Hence, for the
present investigation not a single value but a range of values results when
converting the maximum grain size to a mean grain size of the step forming
elements. Therefore, the size of the elements forming the step structure
ranged between 0.5 dmax for small values of stream power to 1 dmax for larger
values.

9.2 Bed morphology

9.2.1 Characteristic section lengths

The bed slope and the bed roughness are governing parameters of the processes
in steep open channels. Whereas the slope in two-dimensional uniform flow
is clearly defined, its determination for flows with rough beds is not straight-
forward. Due to the spatial variability, the question over what length the
slope should be determined depends on the bed features occurring in differ-
ent geomorphologic scales. In the following, this length is denoted as ’section
length’ (see Figure 9.1).

In this connection, the differentiation between channel gradient and rough-
ness parameter blurs. Whereas the gradient in the reach-scale corresponds
to a straightforward definition of slope, the gradients in the macro-, meso-,
and micro-scale are associated with the steepness of the corresponding bed
features, hence, can be regarded as a roughness parameter.

Recently, the standard deviation of the bed elevations has been proposed
as roughness parameter for step-pool streams. The determination of the
standard deviation is directly linked to the channel gradient, as it is calculated
from the residuals of a detrended longitudinal profile (see Figure 3.6). In the
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following, an analysis is carried out with respect to the relation between bed
slope and section length on the one hand, and standard deviation and section
length on the other hand.
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Figure 9.1: Definition sketch for the ’section length’, left for a small section
length and right for a large section length. X: horizontal axis, Z: vertical
axis.

The section lengths under investigation ranged from 0.04 to 10.00 m for
the experiments with flume slopes of 5 and 9 %, and from 0.04 to 7.60 m for
the experiments with a flume slope of 13 % (compare Chapter 8.4.1). This
range corresponds approximately to considered section lengths from 1 dmax

to 220 dmax for the experiments with flume slopes of 5 and 9 %, and 1 dmax

to 170 dmax for S = 13 %. As illustrated in Figure 9.2, the section length is
applied to every point along the longitudinal profiles with half of the section
length upstream and half of the section length downstream. This procedure
implies that a range of measuring points near the beginning and the end
of the measuring grid are excluded from the analysis, because they do not
contain the full section length. Accordingly, with increasing section length,
the number of measurement points decreases and concentrates to the centre
of the flume.

In the following analysis, the maximum considered section length cor-
responds to the whole length of the measuring field. However, due to the
decreasing number of measurement points, the reliability of the results ob-
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tained at large section length is limited. It is assumed that up to the half
of the maximum considered section length (5 m = 117 dmax), the number of
values (≈ 7500) is sufficiently large to ensure representative results.
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Figure 9.2: Procedure for the analysis of the characteristic section length.

The section length determines the length for that a linear regression leads
to the local channel gradient (Figure 3.6). As a result, a number of local chan-
nel gradients are obtained for every investigated section length. These sam-
ples can be illustrated as empirical probability density functions, as shown
exemplarily in Figure 9.3. Hence, for a specific section length, these distri-
butions contain all local channel gradients obtained at all measuring points
where the whole section length could be applied. In the following, these fre-
quency distributions have been analysed with respect to their mean and their
standard deviation. In order to distinguish between the standard deviation
as roughness parameter and the standard deviation describing the distribu-
tions of the parameters, the latter is denoted as ’width of the distribution’
(see Figure 9.3).

The section length for the slope distribution depicted exemplarily in Fig-
ure 9.3 is 28 cm (6 dmax) which is a typical length in the meso-scale. In Figure
9.4, the data is plotted for graphical normality testing. As the plot is linear
in its centre part, it is indicated that the data can be modelled by a normal
distribution. However, the data deviates from the straight line at its tails,
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which is a typical behaviour for most of the resulting distributions.
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Figure 9.3: Example: Run ’5-30-8-8’ (run denotations see Chapter 8.4.1):
Slope distribution for a section length of 28 cm, empirical probability density
function. The width of the distribution, Wd, is equivalent to the standard
deviation of the distribution.

In Figure 9.5, the means of the slope distributions are shown on the
ordinate and the corresponding section lengths on the abscissa, left for a
flume width of Wf = 30 cm and right for Wf = 60 cm. The solid lines denote
experiments with flume slopes of 5%, the dashed lines those with 9% and
the dotted lines are associated with 13%. For every experiment, the results
of the first and the last run are illustrated. Hence, the difference between
two corresponding curves represents the loss of slope within one experiment.
This will be discussed in more detail in Chapter 9.6.

Figure 9.5 reveals that the mean of the slope distribution remains almost
constant throughout the investigated section lengths. This implies that if
enough measurements are available, it does not matter over what length the
slope is determined.

Within the present investigation, the total number of measurements is
sufficiently large to assume the slope distributions to represent a basic pop-
ulation. However, under field conditions the measurement of a sufficient
number of samples to ensure that the measured distribution is an accept-
able image of the basic population is not realistic. If the number of gradient
measurements is small, which is the normal case under field conditions, the
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Figure 9.4: Example: Run ’5-30-8-8’ (run denotations see Chapter 8.4.1):
normality testing.
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Figure 9.5: Mean of the slope distribution depending on the considered sec-
tion length, a) for a flume width of 30 cm and b) for a flume width of 60 cm.
The upper line corresponds to the first run, the lower line to the last experi-
ment.
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probability to obtain a value that is close to the mean is obviously smaller
for small section lengths than for large section lengths. This is demonstrated
in Figure 9.6, where the section length is plotted along the abscissa and the
width of the slope distribution, as defined in Figure 9.3, along the ordinate,
left in a linear scale and right in a logarithmic scale. The lines in the fig-
ures represent the enveloping curves for all experiments with flume widths of
30 cm (solid line) and 60 cm (dashed line), respectively.
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Figure 9.6: Width of the slope distribution depending on the section length,
a) in a linear scale, and b) in a logarithmic scale.

The figures demonstrate that the widths of the slope distributions are
large for small section lengths but decrease rapidly with increasing section
length. Additionally, Figure 9.6 shows that the width for the 30 cm-runs is
relatively small but increases for the 60 cm-runs. As within the 60 cm-runs
macro-scale bed features were more pronounced (see Chapter 9.2.3), it can
be concluded that the riffle-pool features introduce an additional degree of
uncertainty regarding the evaluation of slope. This behaviour is pronounced
in Figure 9.6-b. Up to section lengths of approximately 0.40 m (9 dmax), the
dashed curves show a straight line in the log-log scale. For larger section
lengths, the curve gradient decreases down to a second threshold at about
1 to 2 m (22 to 44 dmax), where the gradient of the curve increases again.
These threshold values are associated with the occurrence of the different
geomorphologic scales. The lower threshold corresponds approximately to
a change from the meso- to the macro-scale, whereas the higher value is
associated with a change from the macro- to the reach-scale.

The progression of the curves in Figure 9.6 suggest that the channel gra-
dient should be determined over the maximum possible section length. In
addition, the figure provides the possibility to quantify the uncertainty, when
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the channel gradient is determined over a specific section length. For the
present study, Figure 9.6 reveals a width of the distribution which is between
10 and 50 % of the mean value for a section length of 0.8 m (18dmax). This
possible error decreases to a width of the distribution that is 5 and 10 % of
the mean value for a section length of 2 m (44dmax).

In analogy to the above considerations, the standard deviation of the
roughness heights has been analysed. Figure 9.7 shows the means of the
standard deviation distributions depending on the section length. The left
figure shows the enveloping curves for all experiments with a flume width of
30 cm, whereas the right figure shows the corresponding curves for a flume
width of 60 cm.
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Figure 9.7: Mean of the standard deviation distribution depending on the
section length, a) for a flume width of 30 cm and b) for a flume width of
60 cm. Run denotations: see Chapter 8.4.1.

Figure 9.7 reveals a rapid increase of the standard deviation up to sec-
tion lengths of approximately 0.4 m (9dmax) for all experimental runs. For
larger section lengths, the standard deviation remains constant or rises mod-
erately, depending on the occurrence of the different roughness scales. For
small section lengths, the standard deviation does not yet contain a sufficient
number of step-pool features to express the roughness in the meso-scale. The
influence of the macro-scale bed features is associated with a further increase
of the standard deviation at larger section lengths. This behaviour can be
ascribed to gradient-changes evoked by the successions of riffles and pools
(see also Figure 3.6). Within the present study, not more than five riffle-pool
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sequences developed along the length of the flume. Therefore, it can only be
assumed that the curves would have reached also a constant value when a
sufficient number of riffle-pool sequences would have been part of the sample.

As a consequence, the progression of the curves in Figure 9.7 represent
the influence of the different geomorphologic scales on the standard devia-
tion. In this connection, Figure 9.7 can serve as the basis to discuss the
effects of slope, discharge, and width on the development of bed features in
different geomorphologic scales.

First, Figure 9.7-a points out the pronouncement of riffles and pools de-
pending on the flume slope. For a flume slope of 5 %, the standard deviation
remains relatively constant for large section lengths. This can be attributed
to the fact that macro-scale bed features were mostly absent. Contrary, the
increase of the standard deviation for larger flume slopes indicate the increas-
ing influence of riffles and pools.

Additionally, the influence of discharge can be studied by considering the
experiments ’9-30-5-5’ and ’9-30-8-8’ (dashed lines in the left figure- Run de-
notations: see Chapter 8.4.1). Whereas riffle-pool sequences developed at a
discharge of 5 l/s (upper line), their influence almost vanishes at the highest
considered discharge of 8 l/s (lower line) (compare Figure 9.11). Interestingly,
the bar features were mostly absent, even for the experiment ’9-30-5-5’. Fol-
lowing this, the influence of the macro-scale bed features, is not restricted
to cases where bars exist. However, with increasing discharges, the image of
former hydraulic events looses in importance. This issue will be discussed in
Chapter 9.2.3 in more detail.

Finally, Figure 9.7 shows the influence of the flume width. Whereas for the
small flume width and large section lengths, the standard deviation reaches
a relatively constant value, the curves for the larger flume width show a
more variable behaviour. Again, this can be attributed to the increasing pro-
nouncement of the macro-scale bed features with increasing flume width.

The widths of the distributions of the standard deviation are illustrated
in Figure 9.8. Concerning the influence of the macro-scale bed features, the
same conclusions can be drawn as discussed for the mean-values of the dis-
tributions. Generally, the behaviour is much more inconsistent compared to
the slope distributions. This variable behaviour of the width of the distribu-
tion is attributed again to the influence of the riffle-pool sequences. For the
runs with a flume slope of 5 % and a flume width of 30 cm, the macro-scale
bed features were not well developed. In Figure 9.8 this results in a steady
fall of the curve with increasing section length. For steeper slopes and larger
channel widths, the macro-scale bed features increase in importance, and the
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curves in Figure 9.8 show a more variable behaviour.

As a conclusion, where macro-scale bed features are not well developed,
the standard deviation provides a robust parameter to describe the roughness
in the meso-scale. Where riffle-pool sequences exist, the appropriate section
length must be chosen in order to describe the roughness structure in the right
scale. For the meso-scale, a section length of approximately 0.8 m (18dmax) to
1.2 m (26dmax) is suggested. For larger section lengths, the standard deviation
includes the slope differences in the macro-scale. Additional difficulties arise
from the fact that riffles and pools may occur although bar features are absent
(see Chapter 9.2.3).
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Figure 9.8: Width of the standard deviation distribution depending on the
section length, a) for a flume width of 30 cm and b) for a flume width of
60 cm. The term width of the distribution is illustrated in Figure 9.3.

9.2.2 Self-affinity

As discussed in Chapter 8.5, the self-affinity of the bed features in the meso-
scale is a precondition for physical model investigations of step-pool systems.
The literature review (see Chapter 3.2.1) showed that fractal analyses of the
roughness structures of river beds focussed on the assessment of the fractal
dimension in order to recognise different roughness scales.

A frequently applied procedure for the estimation of the fractal dimen-
sion is the variogram method (Robert, 1988, 1991; Butler et al., 2001). The
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essence of this technique is that the statistical variation of the elevations be-
tween two samples is a function of the distance between them. The indepen-
dent variable is the distance between pairs of points, the dependent variable
is the (semi-)variance of the differences in the data values for all samples with
the given distance apart. The estimation of the (semi-)variogram, is given
with Equation 9.1

γ(δ) =
1

2(nm − δ)

nm−δ∑
i=1

(zi − zi+δ)
2. (9.1)

Herein, nm is the total number of samples or points, δ denotes the lag
between two samples, z is the bed elevation, and γ denotes the semi-variance.
Due to representativeness, this calculation should only be applied for

δ ≤ nm

2
. (9.2)

The fractal dimension can be estimated from the variogram. It is directly
related to the slope of the best-fitting line produced when the log of the
distance between samples is regressed against the log of the mean-squared
difference in the elevations of that distance.
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Figure 9.9: Variogram of the experiment ’9-30-5-5’ in a log-log scale. Run
denotations: see Chapter 8.4.1.

Figure 9.9 shows exemplarily a variogram of one longitudinal profile ob-
tained at a flume slope of 9 %, a flume width of 30 cm and a bedforming
discharge of 5 l/s in a log-log scale. Although different characteristic scales
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could be established, an estimation of the fractal dimension is not reliable
as the number of measuring points is too small. Figure 9.9, reveals that an
estimation of the fractal dimension is inadmissable as less than a decade of
measuring points comprise the sections where the curves show a straight line
(Ruelle, 1990). In the same way an artificial increase of measuring points by
interpolation is not allowed.

As a result, it must be distinguished between considerations concerning
a self-affinity in the meso-scale and a self-affinity between the different geo-
morphologic scales. The assessment of fractal bands that possess a consistent
fractal dimension seems to be possible to distinguish the effects of the dif-
ferent geomorphologic scales. Contrary, the occurrence of bed features in
different sizes inhibit a delineation between small and large bedforms in the
meso-scale. Due to the experimental set-up it was not possible to study the
effects of the fractal dimension in different geomorphologic scales. However,
the observations in the present study suggest that the concept of fractals has
a further potential for an appropriate description of the roughness structure
in step-pool systems, which is the fundamental problem for all significant
processes involved.

9.2.3 Macro-scale structure

As described in Chapter 2.4.2, river channels possess different fluvial mor-
phologies in the macro-scale: straight, meandering, alternate bars, and braided.
The occurrence of these structures is mainly controlled by the channel width
W , the flow depth h, the channel gradient S and a characteristic grain size
diameter dc. The delineation diagrams proposed by several authors are lim-
ited to observations of channel patterns at relatively small slopes compared
to step-pool channels (Leopold and Wolman, 1957; Anderson et al., 1975;
Parker, 1976; Jäggi, 1983; da Silva, 1991). As width, slope and discharge
were varied within the flume experiments, the delineation criteria can be
compared for steep open channels with slopes ranging up to 13 %. Table
9.1 lists the observed morphologies for the different experimental runs. The
nomenclature of the runs is explained in Chapter 8.4. In Figure 9.10, the ex-
perimental data is compared with the delineation criteria of da Silva (1991)
and the modifications proposed by Zarn (1997). It should be emphasised that
in nature, the transitions from one bedform to another occur gradually rather
than abrupt, as it is suggested from the diagram. Figure 9.10 in combination
with Table 9.1 demonstrate that the predicted bedforms from the diagram
are mostly consistent with the experimental data when the modifications of
Zarn (1997) are taken into account. This result suggests an analogy for the
formation processes of the macro-scale bed features in flat and steep channels.

142



9.2 Bed morphology

Run Morphology Run Morphology

5-30-8-8 straight (a1) 5-60-10-10 diagonal bars (d1)

5-30-10-10 straight (a2) 5-60-14-14 diagonal bars (d2)

5-30-12-12 straight (a3) 5-60-18-18 diagonal bars (d3)

5-30-13-13 straight (a4) 9-60-2-2 braided (e1)

5-30-15-15 straight (a5) 9-60-6-6 diagonal bars (e2)

9-30-5-5 straight (b1) 9-60-8-8 diagonal bars (e3)

9-30-6-6 straight (b2) 13-60-2-2 diagonal bars/braided (f1)

9-30-7-7 straight (b3) 13-60-3-3 diagonal bars (f2)

9-30-8-8 straight (b4) 13-60-4-4 diagonal bars (f3)

13-30-2-2 diagonal bars (c1) 13-60-5-5 diagonal bars (f4)

13-30-3-3 straight/diagonal bars (c2) 13-60-6-6 diagonal bars (f5)

13-30-5-5 straight (c3) 13-60-7-7 diagonal bars (f6)

13-30-6-6 straight (c4)

Table 9.1: Macro-scale structures observed in the flume experiments. Run
denotations: see Chapter 8.4.1. Run denotations in brackets are applied in
Figure 9.10.
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Figure 9.10: Delineation diagram proposed by da Silva (1991) with the mod-
ifications of Zarn (1997) compared with the flume observations in a log-
log-scale (above) and in a semi-logarithmic scale (below). Data denotations
correspond to Table 9.1.

In the present study, the classification of the morphologies based on the
visual impression of the planform morphology. In case of diagonal bars, this
corresponds to a horizontal oscillation of the flow. As discussed in Chapter
3.2.1, this horizontal oscillation is superposed by a vertical oscillation of the
channel bed. In the following, the interconnection between the horizontal
and the vertical oscillation of the bed is considered in more detail.

Figure 9.11 shows two contour plots, where the ratios of the local slopes
to the reach-averaged slopes (average over the whole flume length) are il-
lustrated. The local slopes were determined over a section length of 1 m
(compare Figure 9.6). The above figure corresponds to the experiment ’9-30-
5-5’, whereas the figure below shows the experiment ’9-30-8-8’. As listed in
Table 9.1, bar structures were absent for both runs.

In contrast to the visual impression of the bed morphology, the slopes for
the ’9-30-5-5’-run clearly show alternately located bed features at the side
walls. These features are associated with gradients steeper than on average
(rS > 1) and gradients smaller than the average slope in the reach-scale
(rS < 1). As a consequence, they are denoted as riffles and pools. However,
the wavelengths (defined in Figure 3.1) are approximately 3-5 flume widths,
which are similar values as observed for gravel bed rivers.
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Figure 9.11: Ratio of the local slope to the average slope over the whole
flume, rS = S/Sreach for the experiments ’9-30-5-5’ (above) and ’9-30-8-8’
(below). Run denotations: see Chapter 8.4.1.
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Figure 9.12: Ratio of the local slope to the average slope over the whole
flume, rS = S/Sreach, for the experiment ’10-15-2-2’. Run denotation: see
Chapter 8.4.1.
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For the flume experiments in the present study, the discharge is increased
in small increments starting from a plane bed. Hence, for small discharges,
diagonal bar structures tend to form at every investigated flume width. As a
consequence, the generation of the horizontal and the vertical structures are
closely associated with each other. As already noted by Parker and Peterson
(1980), riffles and pools are nothing more than juxtapoints of successive di-
agonal bar structures. With increasing discharge, the bar structures vanish,
whereas the riffle-pool features prevail. However, at large discharges, these
macro-scale bed features rearrange in the way, that the oppositely at the side
walls located riffle-structures tend to join with each other. This results in
transversely oriented macro-scale bed features (run:’9-30-8-8’, Figure 9.11).

In Figure 9.12, the result of the extra run with a flume width of 15 cm
(compare Table 8.3) is illustrated. This figure shows that the described be-
haviour is even evident for small ratios of flume width to maximum grain
size (Wf/dmax =3.3). However, the illustrated alternate location of the bed
features is only evident at small discharges in the upper part of the flume
and less prominent than for larger flume widths. Hence, the bed features
located near the channel inlet prevail longer with an alternate appearance
than the bed features near the channel outlet, indicating an influence of sed-
iment transport. An effect of the inflow condition on the development of the
bed features can be ruled out, as the location of the first bar was clearly
independent on the inflow conditions.

Although the described macro-scale bed features resemble riffle-pool se-
quences in gravel-bed rivers, they differ with respect to their appearance in
the meso-, and the micro-scale. In gravel-bed rivers, the riffle sections usually
exhibit meso-scale bedforms, whereas the pools are mainly free of bedforms.
Contrary, in boulder bed streams meso-scale bedforms could be observed in-
dependently on the location (compare Figures 9.14 and 9.13). However, in
accordance to gravel-bed rivers, more of the coarse material could be found
on the riffles than in the pools. Whereas the riffles exhibited meso-scale
structures that correspond to boulder-glide sections or large steps (compare
Figure 2.5), in the pools smaller step structures developed.

9.2.4 Meso-scale structure

Planform step-type

The planform step-types were investigated by visual inspection at low flow
stages (see Chapter 8.3.5). In accordance to the description of the step struc-
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bar bar

barbar

Riffle RifflePool Pool

Figure 9.13: Macro-scale bed features as observed in the flume experiments.

riffle rifflepool pool riffle

step pool step pool

Figure 9.14: Superposing bed features in the macro-scale (riffle-pool) and the
meso-scale (step-pool).
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tures observed under field conditions (compare Chapter 3.2.1), the planform
step-types have been divided into seven different categories (see Figure 9.16).
Types A to C represent step-structures oriented transverse (A), oblique (B)
or curved (C) towards the flow direction. Types D and E are semi- or fully-
developed ring structures respectively, whereas step-type F represents cluster
bedforms (compare Figure 9.15). Type G is a single boulder representing an
isolated large-scale roughness and thus, is not a step. However, this type is
included in the analysis because the flow field around a single, large boulder
may show a similar appearance as the steps. Due to the large variability of
structures, it has to be taken into account that the classification of the steps
is of subjective nature. Nevertheless, the large number of classified steps (634
step structures) should relativise this source of error. Taking into account
the self-affine behaviour of the meso-scale bed features, a certain degree of
subjectivity remains, regardless what method is chosen.

Figure 9.15: Observed steps in the flume, left above: Transverse structure
(Type A), left below: Curved structure (Type C), right above: ring structure
(Type D), right below: cluster (Type F). Flow direction towards the viewer.

In Figure 9.17, the frequency of the planform step-types, p, depending on
the dimensionless stream power, Q∗, is shown for channel widths less than
30 cm (left) and more than 30 cm (right) (Remember: channel width is not
necessarily equivalent to the flume width). The dimensionless stream power,
Q∗, is defined by
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Q∗ =
QS√

W 2gd3
max

. (9.3)

Herein, Q denotes the discharge, S is the local slope determined over a
section length of 1 m (see Chapter 9.2.1), W is the average channel width,
dmax denotes the maximum grain size, and g is the acceleration due to gravity.

A B C D E F G

Figure 9.16: Planform step types. Type A: transverse structure, Type B:
oblique structure, Type C: curved structure, Type D: half-ring structure,
Type E: ring structure, Type F: cluster, Type G: isolated element.

Figure 9.17 shows that the occurrence of the different bedform types de-
pend on the dimensionless stream power. Steps oriented transverse to the
direction of flow (type A) are the predominant bed features independently
on stream power (33 % - 57 %). Taking together the structures A, B and C
even 65 % - 92 % of the observed structures can be classified as transverse
step structures. A main result of Figures 9.17 is that some step-types have
not been observed for high values of stream power: The number of isolated
roughness elements (type G) decrease in frequency with increasing stream
power and even vanish for values of Q∗ > 0.069. This behaviour can be
attributed to the fact that the mobility of the step forming large boulders
grows with increasing stream power, so that isolated large boulders tend to
accumulate to other types of bedforms.

A similar behaviour can be observed for the fully developed ring structures
(type E) that have been observed for dimensionless stream powers Q∗ =
0.033-0.060. Ring structures require an accumulation of a significant number
of boulders. Hence, a certain degree of mobility of the largest bed elements is
necessary, which explains the lack of ring structures for small values of stream
power. In analogy, the lack of ring structures at larger Q∗-values is associated
with a rearrangement into other types of bedforms, mainly type C. This is
confirmed in Figure 9.17-b, where for stream power values larger than 0.060,
the observed number of arched step structures (type C) changes from 10 % to
28 %. The front part of a ring structure resembles an arched transverse step
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that acts as an obstacle. Hence, transported boulders from upstream tend
to accumulate at the front of the ring structure rather than in its back part.
This leads to a growth of the front part and a more likely classification of
step-type C. The back part becomes less important and rather resemble more
a substructure behind a dominating transverse step structures. In addition, a
comparison of the frequency of ring-structures between Figures 9.17-a and -b
suggests that a certain width is required for the fully developed ring structure.
Otherwise half-rings are more frequently observed.

In general, the potential of a structure to entrap other stones is higher for
transverse structures than for streamline structures, which is represented by
the fact that the sum of types A to C increase in frequency with increasing
stream power.

The number of clusters and transverse step structures (type A) remain
relatively constant independently on the stream power. This finding refers
to the planform structure and does not significate a similar composition of
the bed features independently on the stream power. For small values of the
dimensionless stream power Q∗, the step structures are mainly composed of
one single large boulder where smaller bed elements have accumulated. Con-
trary, at large Q∗, the mobility of the largest bed elements increases and the
steps may be composed of several layers of large bed elements. In Figure 9.18,
the frequency of occurrence of the average number of step forming stones in
vertical direction is shown depending on the dimensionless stream power. As
stressed above, the number of step forming stones mainly comprise the large
components of the grain size distribution.

The above considerations express the reorganisation mechanism of the
larger bed elements in response to their mobility, i. e. the step-types are an
image of the entrapment mechanisms that depend on the flow conditions
and the bed roughness structure. Vice versa, this relationship also holds,
i. e. the roughness structure and the flow field depend on the step types. The
described results confirm the observation under field condition that at large
channel gradients (i. e. large Q∗), the step features become more distinct than
at small channel gradients. The rearrangement mechanisms are in close as-
sociation with the bed stability of the bedforms. As long as the bed features
are able to accommodate other stones to form larger step structures, the
self-stabilisation potential of the bed is not yet reached and the coarse sur-
face layer protects the underlying material from being eroded. Besides the
stability issue, the above considerations are important results with respect to
the origin of steps and pools. Steps form, where favourable conditions for an
accumulation of the larger bed elements exist. Whether immobile keystones,
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Figure 9.18: Frequency distribution of the average number of stones lying
upon each other. This evaluation bases on all runs.

antidunes, logs or other obstacles play the most important part, depend on
the boundary conditions.

9.3 Origin of steps and pools

The observed formation of steps and pools was dominated by two interact-
ing processes: Armouring and bedform development. Starting from a plane
bed, the discharge was increased in small increments, leading to sediment
transport of the finest material and coarsening of the surface layer. From
the moment where particles moved that had the potential to be entrapped
at large immobile keystones, small step structures formed. These small step
structures developed towards more distinct large bed features, when the dis-
charge slightly exceeded the threshold for the initiation of movement of the
largest bed elements. Under these conditions, the particle velocities and
the transport distances of the large bed elements were small, and therefore,
grouping was likely. Although not every so formed structure was instanta-
neously stable, with a sufficient duration of a constant discharge, a stable
step-pool-structure established. The development of a scour hole behind a
step structure depended on the size of the step relative to the local flow
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depth. If the step was in the same order of magnitude as the flow depth, the
water was accelerated over the step, forming a jet that was deflected towards
the bed with the potential to scour it. After the initial formation of a step,
the development of different step-types, as described in the previous section,
depends on the mobility of the different grain sizes. In this respect, pools
are favourable locations for the deposition of material. As a consequence, a
significant number of steps formed at former pool locations.

Several investigators observed that the generation of steps and pools was
associated with the formation of antidunes. In these studies, the antidunes
affected the mobility of the large transported grains, and therefore, had an
influence on the step generation. These investigations are in contrast to the
observations of the present study. In the experiments described here, only few
weakly pronounced antidunes were observed at flume widths of Wf =30 cm
andWf =60 cm. They occurred in channel sections, where large bed elements
were temporarily absent. In contrast, better pronounced antidunes could be
observed for the experiments at a flume width of Wf =15 cm, suggesting the
flume width to have an influence. However, for all experiments the influence
of antidunes on the formation of steps and pools was not obvious.
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Figure 9.19: Kennedy-diagram for the data of the present study. kw =
2π/L is the wavenumber, with L denoting the bedform wavelength. Run
denotation: see Chapter 8.4.1.

Figure 9.19 shows the data of the present study plotted into the diagram
containing the delineation criteria of antidune formation of Kennedy (1963)
(compare Chapter 3.2.2). The datapoints in Figure 9.19 refer to average
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values of a channel section with a length of 2.12 m in the x-direction and the
whole channel width in the y-direction. This section length corresponds to
the fifth part of the whole channel length. The Froude-number, Fr (defined
in Equation 5.26), and the flow depth, h, were determined from the laser and
ultrasonic measurements. The mean step length, L, was calculated from the
average values of the individual step lengths from the visual step inspection
(see Chapter 8.3.5).

Figure 9.19 reveals a very good agreement between the data of the present
study and the region of antidune formation. This is remarkable, as the for-
mation of distinct antidune wave trains was not a fundamental process for
the experiments reported here. As a result, the widely applied procedure
to use Kennedy’s delineation criteria as an evidence for the correctness of
the antidune-theory must be rejected. This statement is supported by the
scepticism that the assumptions made for the mathematical derivation of
Kennedy’s theory can be extended to the flow in steep open channels.

However, several researchers observed an influence of antidunes on the
generation of steps and pools, so that there is a discrepancy between the ob-
servations of the present study and former studies that support the antidune
theory. As a consequence, the main issue concerning the connection between
antidunes and steps and pools is under which conditions antidunes form, and
under which circumstances their influence on the mobility of the large bed
elements is so large that they can be regarded as the fundamental generating
mechanism.

The astonishing accordance between the Kennedy-diagram and the present
data suggests that antidunes are not necessarily the reason for step-pool de-
velopment rather that the Kennedy-region represents the reaction of the sys-
tem, i. e. the system develops towards a configuration that implies the max-
imum resistance (see Chapter 3.2.2). This maximum resistance is expressed
by an ’optimal’ distance between the bedforms, independently if these are
antidunes in sand-bed rivers or steps and pools in boulder-bed streams.

An analysis of the field data shows that all the data is situated close
to the region of antidune formation: In a first step, the Froude-number at
bedforming events in a step-pool channel is assumed to be around unity
(compare Grant (1997)). The field data, illustrated in Figure 3.4, indicate
that steps and pools occur at L/H > 4. Assuming that the flow depth is
approximately in the order of the step height, i. e. h ≈ H leads to:
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L

H
> 4 (9.4)

L

2πH
>

4

2π
=

1

1.6
(9.5)

kwh =
2πh

L
≈ 2πH

L
< 1.6. (9.6)

Therefore, all field data lie in or close to the region of the Kennedy dia-
gram.

Under field conditions, the observation of step forming mechanisms is
hardly possible due to the infrequent occurrence of bedforming discharges.
Additionally, large amounts of suspended load are usually transported during
flood events, making it impossible to observe near-bed processes. As a conse-
quence, the assessment of the morphogenesis of steps and pools is restricted
to flume studies, where their development is usually analysed, starting from
a plane bed. These idealised conditions have no exact counterpart in nature.
As a consequence, besides the open questions regarding the mechanisms in
the flume studies, uncertainties remain with respect to the conditions in the
field. It is generally accepted that step-pool systems are destroyed at large
flood events and that they redevelop at the receding limb of the hydrograph
or at following smaller flood events. As antidunes are associated with the
initial phase of the experiments, it can be assumed that under natural con-
ditions, the large, randomly distributed boulders and the high variability of
the channel boundary have a more significant influence than antidunes, at
least for channel gradient larger than approximately 5 to 7 %.

9.4 Flow field

An increased understanding of the flow field in steep open channels is an
important aspect with respect to the analyses of flow resistance and stability.
Previous studies often focussed on reach-averaged values of the hydraulic
parameters. Although still to be considered as average values in the spatial
and temporal domain, the measuring techniques applied in the present study
allowed for a more detailed consideration of the hydraulic parameters. Hence,
they may contribute to a deeper understanding of the flow field in steep open
channels. In terms of stability, the flow field at the bedforming discharges is
of particular interest. Hence, the change of the flow field depending on the
flow stage is an important issue that requires further discussion.
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9.4.1 Flow depth versus roughness height

As the flow depths are in the same order of magnitude as the roughness
heights, the flow field is largely influenced by the roughness structure. This
is established in Figure 9.21, where the dependencies between the local flow
depths and the local roughness heights are illustrated exemplarily for the
experiments ’9-30-8-8’ (left) and ’9-30-8-5’ (right) (denotations see Chapter
8.4.1). A definition sketch for the local flow depth and roughness height is
shown in Figure 9.20.

2000 

0 

6000 10000 
x [mm]

0 

hi 

Zi 
hi+1 

Zi+1 hi+n 

Zi+n 

Figure 9.20: Definition sketch for the local flow depth, hi and the roughness
height, Zi.

Figure 9.21: Flow depth, h, as a function of the roughness height, Z, for
the experiments ’9-30-8-8’ (left) and ’9-30-8-5’ (right). Run denotation: see
Chapter 8.4.1.

Figure 9.21 reveals a clear relationship between roughness height and flow
depth, i. e. the higher the bed element, the lower the flow depth. As a perfect
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correlation would refer to a horizontal free surface, the significant scatter
expresses the deformation of the water surface.

Although the average flow depth varies with the discharge, the scatter is
maintained when the discharge is reduced to smaller values than the bed-
forming discharge, here Qact ≈ 0.6Qmax. This suggests that measured flow
depth distributions obtained at small flow stages could be extrapolated to
higher discharges. However, in the present study, the minimum considered
discharges have been oriented on conditions where the salt dilution method
could still be applied. Referring to field conditions, these discharges still cor-
respond to small flood events.

9.4.2 Channel width versus flow stage

With the present data set, the dependency between the channel width and
the flow stage can be analysed. For the present, idealised flume conditions,
the width variations are determined by the macro-scale bar features. In
nature, a variety of parameters determine the channel width.
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Figure 9.22: The ratio of the channel width, W at a discharge and the
channel width at the maximum discharge, W (qmax) depending on flow stage.
The flow stage is expressed by the ratio of the actual discharge, Qact and the
maximum discharge Qmax. Run denotation: see Chapter 8.4.1.

As a consequence, the results shown in Figure 9.22, are applicable to field
conditions only for conditions similar to those existent in the flume exper-
iments. In Figure 9.22, the ratio of the actual discharge to the maximum
bedforming discharge, Qact/Qmax, is plotted on the abscissa, whereas on the
ordinate the ratio of the actual width to the width at the maximum bedform-
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ing discharge,W/W (qmax), is shown. As one would expect, the actual channel
width varies with the flow stage, i. e. the width decreases for Qact < Qmax.
As demonstrated by the different data sets in Figure 9.22, the progression of
this decrease depends on the flume width and the flume slope. This again
points out the relevance to include the different roughness geometries of the
geomorphologic scales into an analysis of the flow field.

9.4.3 Distribution of the specific discharge

Besides the channel gradient, the specific discharge, q = Q/W , is the gov-
erning parameter describing the stream power (see Equation 9.3). In flume
experiments, the total discharge, Q, usually is obtained from measurements
with an electromagnetic flow meter or by a calibrated weir. With that, a
mean specific discharge, qm, (see Equation 8.2) is calculated, i.e. a cross-
sectional average value. This average value depends on the wetted width in
the cross-section, which equals the flume width in cases where bar features
are absent. As the irregularities in steep open channels are large, the as-
sumption of a mean specific discharge is only an approximation to the real,
complex conditions. As most of the approaches regarding flow resistance and
stability base on cross-sectional average values, the knowledge of the range
of possibly occurring specific discharges is an important aspect. In addition,
the relation between the maximum discharge and the average discharge are
of significance with respect to the stability, as local destabilisations evoked
by high specific discharges may trigger larger-scale mobilisations of the bed.

As described in Chapter 8.3.4, the salt dilution method provides more de-
tailed information about the distribution of the specific discharge. However,
following the experimental set-up, the spatial resolution and the obtained
specific discharges must be considered as local values averaged over approx-
imately one forth to one half of the channel width.

Figure 9.24 shows the empirical probability density functions of the local
specific discharges standardised with the mean specific discharge, qi/qm, on
the left and the empirical cumulative density functions on the right. The
above figures represent experiments with bedforming discharges, whereas the
figures below show the results of the experiments where the actual discharge
was smaller than the bedforming discharge (Qact < Qmax). As it was expected
that the distributions depend on the bed morphology in the macro-scale,
the evaluation is separated with respect to the existence or absence of bar
features. For this purpose, the portion of the wetted area, Awet, on the
whole area of the channel bed, Atot, is taken as a parameter to describe the
pronouncement of the bed features in the macro-scale, i. e. the larger pw, the
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smaller the influence of macro-scale bed features (see Figure 9.23)

pw =
Awet

Atot

. (9.7)

Abar,i+1

Abar,i+2

Abar,i+3

Abar,i

Awet

Atot=Awet+   Abar,i

pw = Awet / Atot

i=1

n

Figure 9.23: Definition sketch for pw (see Equation 9.7).

As shown in Figure 9.24, the pw-values were divided into three character-
istic classes. As most of the runs were carried out at bedforming discharges,
the three classes do not contain the same number of measurements, nm.

Figure 9.24 reveals that with increasing development of the macro-scale
bed features (pw decreases), the widths of the distributions of the specific
discharges become larger, independently whether bedforming discharges are
considered or smaller discharges. This suggests that flow concentrations
evoked by the channel alignment are an important process. In case of the
present, idealised conditions, macro-scale bar features determine these dif-
ferences. Again, these results underline the importance to account for the
roughness geometry in different geomorphologic scales. Under field condi-
tions, the appearance of the macro-scale features is more disordered and flow
concentrations are additionally affected by the variable channel alignment
and other, external processes.

For the experiments without bar features ( pw > 0.95), 95 % of the mea-
sured discharges are in the range |(q/qm − 1)| ≤ 0.15. Contrary, the experi-
ments with bar features (pw < 0.95) exhibit a range of |(q/qm − 1)| ≤ 0.9.

Figure 9.25 shows the standard deviation of the distributions of the spe-
cific discharge, stdqdis, depending on pw. The figure underlines the observa-
tions from Figure 9.24, i. e. a decrease of the width of the distribution with
increasing pw. This relationship corresponds to a change in the dimensional-
ity of the flow. At pw values near unity, the flow conditions can be considered
to be mainly two-dimensional. The dimensionality increases with increasing
pronouncement of the macro-scale bar features.
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Figure 9.24: Distribution of the specific discharges obtained from all mea-
surements of all experimental runs, above: bedforming discharges, below:
discharges smaller than the bedforming event, left: probability density func-
tion, right: cumulative density function. nm denotes the total number of
measurements, pw is defined in Equation 9.7 and Figure 9.23.
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Figure 9.25: The width of the distribution of the specific discharges described
by their standard deviation at bedforming discharges, stdqdis, depending on
pw.

9.5 Flow resistance

In the following, the present data set is evaluated with respect to the flow
resistance. The inadequacy of flow resistance equations that were originally
derived for small relative roughnesses was already discussed in Chapter 5.
Therefore, the present subsection mainly focusses on a comparison between
the flume data of this study and some selected approaches that were derived
for conditions typical for steep open channels.

cave

2.12 m
clocal

probe

1.00 m

Figure 9.26: Definition sketch for the comparison between average, cave and
local Chézy-coefficient, cloc.

Flow resistance can be expressed by the Chézy-coefficient, which is defined
as

c =
U√
ghS

=
q√
gh3S

. (9.8)

For the following considerations, the bed area was divided into 5 sections,
each with a length of 2.12 m (macro-scale - compare Figure 9.26). For these
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channel sections, the flow depth, h, and the channel gradient, S, were av-
eraged to calculate the Chézy-coefficient, cave. The specific discharges were
obtained by approximating q with qm (see Equation 8.2). In contrast, local
Chézy-coefficients, clocal, were calculated in the vicinity of the salt dilution
probes.
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Figure 9.27: Comparison between the distributions of local and average val-
ues of flow resistance for all experiments with a flume slope of 5 % and a
flume width of 30 cm.

In Figure 9.27, a comparison is shown between the empirical probability
density functions of the averaged and the local Chézy-coefficients. The il-
lustrated curves represent all experiments with a flume slope of 5 % and a
flume width of 30 cm. As expected, the statistical spread of the local values
is significantly larger than for the averaged values. As the calculation of the
Chézy-coefficient bases on the assumption of quasi-uniform flow conditions,
the following considerations rely on the averaged values (compare Chapter
5.1).

Most of the flow resistance equations include the bed roughness by a
characteristic grain size of the subsurface material. This is a reasonable ap-
proach for conditions where large relative submergences prevail. Exemplarily,
a comparison of the present data with the equations proposed by Keulegan
(1938), Thompson and Campbell (1979) and Bezzola (2002) is shown in Fig-
ure 9.28. In case of the latter, the approximations of Equation 5.24 are used,
as the magnitude of the roughness sublayer as a roughness parameter is not
applicable to channels with steps and pools. With these approximations all
equations in Figure 9.28 describe the roughness with a characteristic grain
size which is not sufficient for the conditions typically found in steep stepped
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channels.
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Figure 9.28: Comparison between the data of the present study and the flow
resistance equations of Keulegan (1938), Thompson and Campbell (1979)
and Bezzola (2002). Run denotation: see Chapter 8.4.1.

Besides a significant scatter, the figure demonstrates the inadequacy of
the original Keulegan-equation to describe the step-pool data. However, an
adaptation of the hydraulic roughness to ks =3.5d90 produces rough estimates
of the measured Chézy-coefficients. The same conclusion is valid for the
equation of Thompson and Campbell (1979), with ks =2d90. These results
are in accordance with the step-pool analysis of Lee and Ferguson (2002), who
obtained similar adaptations for ks. However, as discussed in Chapter 5.5,
stating the characteristic grain size, d90, to be in the order of the flow depth,
an adaptation of the equivalent sand grain roughness results into values that
are in the same order or even larger than the flow depth.

The equations proposed by Bezzola (2002) include most of the data,
hence, could also be applied to obtain an estimate of the flow resistance.
However, as the roughness structure is not appropriately described by a char-
acteristic grain size, a large scatter remains, independently on the applied
relationship.

In addition to the comparison with the flow resistance equations, Figure
9.28 shows a strong difference between the measured Chézy-coefficients de-
pending on flume width. This suggests an influence of the macro-scale bed
features on the flow resistance which will be discussed in the present section.
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Figure 9.29: Comparison between the data of the present study and the flow
resistance equations derived for conditions typical for steep open channels.
U denotes the average velocity.

0 
2 
4 
6 
8 

10 
12 

0 2 4 6 8 10 

c 
[-]

 

h/s [-] 
0 

2 
4 
6 
8 

10 
12 

0 2 4 6 8 10 

5-30 
9-30 

13-30 
5-60 
9-60 

13-60 
Aberle (2000) 
Aberle (2000) 

h/s [-] 

20 % margin 20 % margin 

Eq. 5.45  Eq. 5.45  

a) b)

Figure 9.30: Comparison between the flow resistance equation of Aberle and
Smart (2003) and the present data - a) without the original data of Aberle
and b) with the original data of Aberle. The flow resistance, expressed by
the Chézy-coefficient c, is illustrated depending on the relative submergence
h/s. Herein, s denotes the standard deviation of the roughness heights.
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A peculiar behaviour can be observed for the data of the experiment with
a flume slope of 9 %, a channel width of 60 cm, and a maximum discharge
of 2 l/s (’9-60-2-2’). As listed in Table 9.1, this run was extraordinary in
the way that the flow exhibited a ’braided’ pattern. In the present case, the
terminology ’braided’ describes a channel form, where bars were not only
located at the sides of the channel. For these runs, the measured flow depths
were in the range of the possible measuring error. Consequently, the data
points of the ’9-60-2-2’ experiments are excluded from the following analysis.

In Chapter 5.8, a variety of equations have been described that were de-
rived for conditions typically found in steep open channels. A comparison of
these equations with the present data set is shown in Figure 9.29. In general,
the figures reveal that the application of the equations tend to an underes-
timation of the average velocity. Especially the equations proposed by Ruf
(1988) and Rickenmann (1996) result in average velocities that are signifi-
cantly too small. On average, the equations of Rickenmann (1990), Ricken-
mann (1991), Egashira and Ashida (1991) and Palt (2001) produce reasonable
results, however, with a significant scatter and a slight underestimation of
the average velocity. In general, the large scatter can be attributed to the
inadequacy of a characteristic grain size to describe the roughness structure
of step-pool streams. For cases, where field data have been analysed, the
differences between the variable, natural conditions and the idealised flume
conditions is another reason for the observed scatter.
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Figure 9.31: The influence of a) flow stage and b) macro-scale bed features
on the flow resistance.

Aberle (2000) (see also Aberle and Smart (2003)) introduced the stan-
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dard deviation of the roughness heights to describe the roughness structure
of channel beds with steps and pools. From flume experiments, he derived
an equation to calculate the flow resistance (see Equation 5.44) that is com-
pared with the present data in Figure 9.30. Aberle’s considerations based on
experiments with small flume width-to-dmax ratios. Hence, it can be assumed
that macro-scale bed features were mainly absent.

For flume widths of 30 cm, the measured values fit relatively well with
Equation 5.44. In contrast, the runs with a flume width of Wf = 60 cm devi-
ate significantly from Aberles approach. This behaviour again indicates an
influence of the macro-scale bar features on the flow resistance. A difference
whether the results were obtained at bedforming discharges or at smaller
discharges could not be established, as it is illustrated in Figure 9.31-a.

The influence of the macro-scale bar features on the flow resistance is
analysed in Figure 9.31-b, where the ratio of the total, measured flow resis-
tance, c, and the flow resistance of the meso-scale structures, cmeso, is shown.
In this respect, cmeso is calculated with Equation 5.44 proposed by Aberle
and Smart (2003) (see also Aberle (2000)).

In general, the ratio c/cmeso decreases with increasing value of
pw = Awet/Atot, which is a measure for the pronouncement of the macro-
scale bar features. Neglecting the data points of the run ’9-60-2-2’, the best
fit (r2 =0.84) of the data in Figure 9.31-b is

c

cmeso

= p−1.58
w (9.9)

for pw ≥ 0.4.

By substituting cmeso with Equation 5.44, the data of the present study
is best described with

c = 0.91 · p−1.58
w · h

s
. (9.10)

With this equation, the effects of the different geomorphologic scales are
separatively taken into account. Whereas the standard deviation of the
roughness heights, s, focusses on the meso-scale structures, the parameter,
pw accounts for the macro-scale bed features. In Figure 9.32, the compari-
son between the measured and the calculated Chézy-coefficients demonstrate
the adequacy of Equation 9.10 to consider the flow resistance in steep open
channels.

In general, the results shown in Figure 9.31-b are not evoked by a resistance-
diminishing effect of the bar features. Contrary, they demonstrate the effect
of the bar features on the development of the meso-scale roughness structure.
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Figure 9.32: Comparison between measured Chézy-coefficients and those cal-
culated with Equation 9.10.

As a conclusion, the introduction of pw in Equation 9.10 points out the ne-
cessity for an adequate description of the roughness structure when different
geomorphologic scales are present.

Although the previous considerations showed the adequacy of the para-
meter pw to explain the processes within the flume, a fundamental aspect
concerns its applicability under field conditions. The parameter pw is defined
by the wetted channel bed area, Awet, divided by the whole area of the chan-
nel bed, Atot (see Figure 9.23). Whereas Awet can be measured under field
conditions, the question remains how to determine Atot. Here, it is proposed
to assess Atot by considering the bankfull width of the channel. As the deter-
mination of the bankfull width is not a straightforward issue in steep open
channels, pw can only be determined as an approximation.

9.6 Stability of natural beds

In the following sections, a new stability approach is derived. Its fundamen-
tal concept bases on the realisation that the stability related processes occur
in scales that are closely associated to the geomorphologic scales. Accord-
ing to the discussion of the previous sections, the geomorphologic scales and
consequently the stability-related scales are present in the flume experiments
and must therefore be considered.

In the context of stability, destabilisation and self-stabilisation processes
must be distinguished. The destabilisation of a bed feature is equivalent to
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its probability to be eroded at a given hydraulic condition. Contrary, the
self-stabilisation is the potential of an unstable channel bed to restabilise at
given hydraulic conditions.

9.6.1 Destabilisation

Definition of stability

The consideration of the destabilisation process is closely associated with
the definition of stability in different geomorphologic scales. That is to say,
depending on the problem, the stability of a single grain, a step structure or
a whole river reach is the matter of interest.

reach-scale

macro-scalemeso-scale

micro-scale

Figure 9.33: Mutually influencing stability scales. The solid lines represent
an inevitable influence, whereas the dashed lines show a possible influence.

For plane beds with uniform grain size-distributions one may define sta-
bility in terms of the entrainment probability of a single grain, or by the
probability that a certain portion of the bed is mobilised for given hydraulic
conditions (see Chapter 6.5.3). In steep open channels with coarse, struc-
tured beds, not only the number but also the size and the location of the
grains play a significant role. The size of the different bed features is related
to the geomorphologic scales as listed in the following

• Micro-scale: Single grain,

• Meso-scale: Step structure,

• Macro-scale: Riffle structure,

In this context, the interrelation of the geomorphologic scales must be
considered, as illustrated in Figure 9.33. If the stability in a certain scale
is reached, the relevant processes of this scale will always affect all apparent
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smaller scales. In the opposite direction, the destabilisation in a certain scale
may or may not influence the stability of the higher more spacious scale.

Probability of entrainment

The fundamental difference between streams with structured beds composed
of widely graded bed material and those with plane beds and uniform bed
material is the spatial heterogeneity in relation to the relative submergence.
Whereas the entrainment probability of a single grain located at a plane bed
results mainly from a temporal variability, at structured beds the spatial
variability has a significant influence. For plane beds, the risk for a grain
to be entrained is defined by Equation 6.11. Following this equation, the
risk can be computed, if the distributions of the ’flow-induced load’ and the
’critical condition’ are known and if the distributions are independent from
each other. For flows with small relative submergence, flow structures are
fixed in space and determined by the local bed irregularities (see Chapter 9.4).
Hence, Equation 6.11 is not applicable to steep open channels, as the spatial
variability evokes a dependency between the ’flow-induced load-distribution’
and the distribution of a ’critical condition’ (see Figure 9.34). Following this,
knowledge of this dependency is a precondition for the application of the
’risk-to-erosion’-concept.

x

Q

Q

c

Figure 9.34: Local dependency (x denotes a coordinate of place) between
the ’flow-induced load’, (expressed by the dimensionless shear-stress Θ -
solid line) and the ’critical condition’ (expressed by the critical dimensionless
shear-stress Θc - dashed line).

As the flow field in steep open channels is highly three-dimensional, every
single bed element possesses a bunch of critical conditions for different ap-
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proach flow directions. A bed element will be mobilised, if in one of these
approach flow directions the hydrodynamic force exceeds the resistive force.
This excess can be reached by an increase of the hydrodynamic forces in any
direction, or a decrease of the resistive forces in any direction. The observa-
tions of the present study show that the latter process plays a significant role
in steep open channels, as local destabilitaions are often accompanied by a
backward erosion.

As a conclusion, the probability that a single bed element or a specific
section of a structured bed is mobilised can not be determined by a simple
comparison between reach-scale distributions (spatial and temporal) of the
’flow-induced load’ and the ’critical condition’.

9.6.2 Self-stabilisation

The previous considerations concerned the probability of a bed feature to be
entrained. With respect to hazard assessment purposes, the question what
happens after the destabilisation is of even more significance. From gravel-
bed rivers, it is known that beds with widely graded sediment mixtures have a
restabilisation potential under certain conditions. The interrelation between
the self-stabilisation potential and the accompanying bed degradations is in
the centre of the following considerations.

In Figure 9.35, the observed self-stabilising mechanisms are illustrated
schematically. In addition, the figure serves as a basis to explain the inter-
relation between the self-stabilising mechanisms in different geomorphologic
scales.

Schematically, every geomorphologic scale is associated with one stabil-
ity mechanism. Self-stabilisation in the reach-scale occurs due to the loss of
slope. The loss of slope is the manifestation of a rotational erosion around a
pivot point. In nature, these pivot points can be established e. g. by bedrock
outcrops, landform changes, or locally increased bed roughness due to land-
slides or material supply by a tributary. Considering the flume, the reach-
scale pivot point is clearly defined by the endsill at the channel outlet (Chap-
ter 8.2.1). If the loss of slope is known, the reach-scale channel bed degrada-
tion can be computed for every point in the channel.

In the macro-scale, erosion mainly concentrates on the riffle structures.
The toe of the riffle shifts upstream, so that the riffle erodes in the upstream
direction. Assuming the toe of the riffles as a local pivot point, the dis-
placement of the riffle structures can be approximated by a quasi-rotational
erosion. Where the resistive potential of an upstream feature is large enough,
this erosion ceases.
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Figure 9.35: Self-stabilisation mechanisms observed in the flume experiments
in different geomorphologic scales (above and middle). These mechanisms are
accompanied by an erosion in every considered scale (below).
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In the meso-scale, the self-stabilising mechanisms correspond to the de-
velopment of distinct bed features of certain types, as discussed in detail in
Chapter 9.2.4.

The restabilisation mechanism in the micro-scale corresponds to armour-
ing processes. As generally accepted, the bed surface coarsens with increasing
stream power to protect the underlying finer bed material.

As in steep open channels all combinations of geomorphologic scales are
possible, a nested consideration of the different self-stabilising mechanisms is
required. Schematically, the interrelation between the different scales is illus-
trated in Figure 9.35. Starting in the micro-scale, the bed develops towards
a condition of maximum stability. As this is associated with a coarsening of
the surface layer, the mean grain size of the armour layer, dmD, increases up
to a maximum value. In case that the stream power exceeds a certain thresh-
old, the stability, and hence, dmD decrease again. For mountain torrents, the
self-stabilising potential is not yet reached, as other mechanisms come into
effect. At small discharges or large channel widths, macro-scale bed features
could be observed, i.e. riffles and pools were the dominating bed features.
With increasing discharge it could be observed that the macro-scale bed fea-
tures vanish and both, flow and morphology tend towards a one-dimensional
configuration (in the macro-scale) (see Chapter 9.2.3). Following this, the
macro-scale structure that implies the maximum stability is when the bar
features as well as the riffle-pool structures have been washed out. For large
discharges, the channel bed is only able to restabilise by activating the self-
stabilisation mechanisms in the meso- and the reach-scale. In analogy to
the micro-scale, the meso-scale bed features develop towards a structure that
implies maximum stability. This has been described in Chapter 9.2.4, where
it could be shown that with increasing stream power the step structures de-
velop towards distinct step-types. If the upper limit of all occurring scales
is reached, a bed is only able to restabilise for a constant discharge, by the
loss of slope due to a rotational erosion around a pivot point. Besides the
erosion in the reach-scale, the adaptation of the roughness structure towards
a condition of maximum stability in all other scales is also associated with a
certain amount of erosion, as indicated in Figure 9.35.

The occurrence of different geomorphologic scales is mainly determined
by the interrelation between slope, discharge, channel width, and grain size
distribution. In analogy, these parameters determine the scale-dependent
configuration that implies maximum stability.

It has to be emphasised that the described scheme is an idealised model
to improve the understanding of stability-related mechanisms in steep open

172



9.6 Stability of natural beds

channels. Under field conditions, as well as in the flume, the stability-scales
can occur in all possible combinations. If more than one scale exists, the
different mechanisms will interact with each other in a complex way.

In the present study, the development of steps and pools have been de-
scribed with a plane bed forming the initial condition. These experimental
observations revealed that the armouring process and the step development
could not be separated because at small discharges, initial steps developed
around large, immobile bed elements by clustering of smaller transported
sediment. Hence, selective transport (armouring) immediately led to step
development.

The restabilisation process in the reach-scale can not be considered inde-
pendently from the existent smaller scales. Considering for example a step-
pool channel without macro-scale bed features: When the maximum stability
in the meso-scale is reached, the bed restabilises by the loss of slope in the
reach-scale (assuming the discharge to remain constant). However, with the
flattening of the slope, the stream power is reduced, and the smaller scale-
mechanisms gain again in importance. As a conclusion, a complex interrela-
tion between the different self-stabilisation mechanisms determine the behav-
iour during the restabilisation process. Under field conditions, this complex
interrelationship is largely influenced by external processes as e. g. sediment
transport from upstream or lateral sediment supply.

The above considerations show that the self-stabilising potential in steep
open channels typically occurs in different scales. This leads to the con-
clusion that the model of a critical value is not sufficient to describe the
stability in steep open channels. More general, the connection between the
self-stabilising process, the channel bed degradation and the interconnection
between the different scales should be considered.

Within the present flume study, micro-, meso-, and reach-scale existed
in all experiments, whereas the occurrence of the macro-scale bed features
depended on the boundary conditions (see Chapter 9.2.3). In the following
subsections, the experimental data is evaluated separately with respect to
the self-stabilising mechanisms in the different geomorphologic scales (reach-
scale, macro-scale, meso/micro-scale).

Reach-scale

The reach-scale channel gradients were obtained from linear regression of
the digital elevation data for every longitudinal profile over the whole flume
length. In the following, the mean bed slope was calculated by averaging
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the gradients of all longitudinal profiles obtained at each experimental run.
As described in Chapter 8.3.2, the longitudinal profiles without macro-scale
bar features were obtained in the lengthwise direction, parallel to the flume
side walls. For runs with pronounced riffle-pool structures, the longitudinal
profiles are defined along the flow course at the maximum discharge.
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Figure 9.36: The channel gradient, S, depending on the specific discharge,
qm. Run denotation: see Chapter 8.4.1.

The flattening of the reach-scale channel bed gradient with increasing
specific discharge is illustrated in Figure 9.36, where each experiment is plot-
ted in a line and every single run is denoted by a point. The last points for
each experiment represent the runs for that the flume bottom is not yet, but
almost, reached. Within Figure 9.36, the specific discharge, qm, represents
an average value obtained by dividing the total discharge, Q, by the average
wetted width Ww.

The curves, illustrated in Figure 9.36, suggest a power-law-relationship
between slope and specific discharge. However, the figure reveals significant
variations between the individual experiments. For example, a systematic de-
viation can be recognised between the datapoints obtained from experiments
at a flume slope of 60 cm and those obtained at the smaller flume width,
i. e. the data from the experiments with the large flume width lie below the
other data. These variations can be attributed to differences in the meso-
scale roughness geometry, depending whether bar features are existent or
not (compare Chapters 9.2.3 and 9.2.4). Whereas at the small flume widths,
the steps tend to take up the whole width, their lateral extension is usually
smaller when the meso-scale structure is superposed by macro-scale bed fea-
tures. According to the data in Figure 9.36, the steps that tend to jam the
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channel are more stable than those that only partially take up the channel
width. As a conclusion, the relationship between channel width, availability
and size of the sediment, and stream power largely determine the develop-
ment of the bedforms, and hence, their stability. Consequently, a roughness
parameter is required that takes into account the variations of the roughness
structure in the meso-scale.

In Figure 9.37, the dimensionless specific discharge, q∗, is shown that is
standardised with the standard deviation of the bed elevation heights, s (see
Chapter 3.2.1):

q∗ =
qm√
gs3

. (9.11)

For the following considerations, the standard deviation of the roughness
heights was computed for a section length of 1 m (22 dmax), which is a char-
acteristic length in the meso-scale. Figure 9.7 shows that for this section
length, the influence of the macro-scale bed features is not taken into ac-
count, i. e. the standard deviation of the parameter in Equation 9.11 mainly
accounts for the meso-scale rather than the macro-scale variations.

Eq. 9.12 
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Figure 9.37: Comparison between the data of the present study and the
stability approach of Aberle (2000) (see Equation 9.12). The figure shows
the dimensionless specific discharge, q∗ (Equation 9.11), depending on the
slope, S.
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In Figure 9.37, the data points of the present study show a more con-
sistent behaviour compared to Figure 9.36 which underlines the efficiency
of the standard deviation to describe the meso-scale bed roughness. How-
ever, different behaviour between some experiments can still be recognised.
These differences are especially pronounced for the steep gradients and the
large channel width. As the pronouncement of riffles and pools rises with in-
creasing slope and channel width (compare Chapter 9.2.3), these variations
are attributed to the macro-scale bed features. As discussed in Chapter
9.4, the measured variations of q in flows with pronounced riffle-pool struc-
tures were significantly larger than for flows without clearly defined riffle-pool
structures. This behaviour was attributed to flow concentrations due to the
quasi-meandering tendency of the flow in a straight flume. This is the reason
why in Figure 9.37 the experiments with macro-scale bed features (compare
Chapter 9.2.3) show a flatter trend than the curves where meso-scale bed
features prevailed. For the data points illustrated in Figure 9.37, these vari-
ations are comparatively small. However, they may become significant, if
the trend continues for larger stream power. Contrary to this suggestion,
the pronouncement of the bar features decreases with increasing discharge,
hence, this effect looses in importance for higher flow stages.

In addition to the data of the present study, Figure 9.37 contains the
data and the approach of Aberle (2000). This approach describes a stable
bed condition:

q∗ =
qm√
gs3

= 0.2S−1.3. (9.12)

Herein, s denotes the standard deviation of the roughness heights, qm is
the average specific discharge, S expresses the channel gradient, and g is the
acceleration due to gravity. As Aberle’s study bases on experiments where
the ratio of flume width to maximum grain size, Wf/dmax, was compara-
tively small, it can be assumed that the pronouncement of riffle-pool features
was small. Although, the data of the present study shows very good agree-
ment with Equation 9.12, there is the tendency that the present data lie
below Equation 9.12, especially for the experiments at the large flume width.
A reason for this behaviour may be found in the different configuration of
Aberle’s experimental set-up. In addition to different Wf/dmax-ratios and
grain size distributions, Aberle (2000) considered a section of the bed that
was significantly smaller than the whole flume length. In contrast, the present
data focusses on measurements over the whole flume length. However, the
differences are small, and therefore, a small range of the constant (value:0.2)
in Equation 9.12 (between 0.15 and 0.25) covers all the data (Figure 9.37
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(dashed lines)).

On the basis of Equation 9.12, the connection between the stability and
the channel bed degradation in the reach-scale can be assessed. For this
purpose, a stable bed is assumed that can be described by the parameters
qold, sold, and Sold. In Figure 9.38-a exemplarily the experiment with a flume
slope of 13 % and a flume width of 30 cm is shown. The numbers denote
the experimental runs at different maximum discharges. Considering for
example the experimental run ’2’, the channel bed possesses a slope Sold that
developed at a discharge qold. If the discharge is increased to a new value
qnew, with qnew > qold modifications are possible as e. g. a decrease of the
channel gradient to Snew.

Besides an adaptation of the slope, the restabilisation of a channel bed
can also occur due to a restructuring of the roughness geometry (meso-scale
stabilisation- see Figure 9.35), which is illustrated in Figure 9.38-b. The
meso-scale stabilisation is assumed to be expressed by an adaptation of the
standard deviation of the roughness heights. Consequently, the right figure
shows the dimensionless critical discharge, which is the specific discharge,
qm, standardised with the standard deviation of the roughness heights, s (see
Equation 9.12).
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Figure 9.38: Different mechanisms for the reach-scale restabilisation of the
channel bed - a) explained by the relation between channel slope and spe-
cific discharge (S and qm), and b) additionally accounting for the roughness
structure (S and q∗- see Equation 9.12).

With Figure 9.38-b the principle possibilities for the channel bed to
restabilise will be discussed. For a given increase of the specific discharge,
qnew > qold (condition 1 in Figure 9.38-b), the channel bed can restabilise due
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to an increase of the standard deviation, snew, (condition 2a) or a decrease
of the channel gradient, Snew (condition 2b). Usually, both mechanisms are
interacting with each other. Hence, a condition, where the standard de-
viation increases and the slope decreases (condition 2c) is more realistic.
Mechanisms where the standard deviation decreases or the channel gradi-
ent increases (conditions 3a and 3b) have not been observed for the present
experimental set-up. Generally, condition 3b is expected to occur only for
conditions, where additional sediment is supplied to the channel. Basing
on Equation 9.12, the modifications evoked by an increase of the specific
discharge, qnew/qold, can be assessed by

qnew

qold

=

(
snew

sold

)1.5(
Sold

Snew

)1.3

. (9.13)
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Figure 9.39: The proportioning of the two mechanisms (increase of the stan-
dard deviation, sr = (snew/sold)

1.5, or decrease of the channel gradient,
Sr = (Sold/Snew)1.3) for the reach-scale restabilisation process depending on
the old condition of the channel bed.
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In Figure 9.39, the interrelations of an increase of s and a decrease of S

are illustrated, where the ratio sr/Sr =
(

snew

sold

)1.5

/
(

Sold

Snew

)1.3

is investigated.

In this context, ds and dS denote the change of the standard deviation of
the roughness heights and the slope, respectively. The ratio, sr/Sr, expresses
to what parts the two different mechanisms contribute to a restabilisation
of the bed. In Figure 9.39-a, sr/Sr is plotted depending on the increase
of the specific discharges qnew/qold for the present study, as well as for the
data of Aberle (2000). The data points of the present study reveal a rather
small variation around unity, i. e. both mechanism contribute in the same
magnitude to the restabilisation of the bed. This is confirmed by the data
of Aberle (2000), however, with a considerably larger scatter. As already
mentioned, Aberle’s study focussed on measurement of a 2.4 m-long section
in a 6.8-12 m long flume. As demonstrated in Chapter 9.2.1, the local channel
gradient and the standard deviation are not constant throughout the length
of the flume. Hence, on the one hand, the observed variations represent the
problem of accurately sampling s and S to describe the meso-scale roughness
of the bed over the whole flume length. On the other hand, the ratio sr/Sr

will not behave constantly throughout the flume length. This suggestion is
confirmed in Figure 9.39-c, where the sr/Sr-ratio is plotted depending on
the old channel slope, Sold. For the large channel gradients, the scatter of
Aberle’s data is significantly smaller than for the experiments at small slopes.
In Aberle’s experiments, the measuring section of 2.4 m remained constant
for all experiments, whereas the whole length of the channel bed decreased
with increasing channel gradient. Hence, for the large channel slopes, the
measuring section represents better the behaviour of the whole bed, and the
results are almost comparable to the present study. As a consequence, the
data points of Aberle’s measurements obtained at small slopes should only
be considered in an averaged way.

Besides the increment of the specific discharge, qnew/qold, the condition of
the stable bed, expressed by qold, may have an influence on the sr/Sr-ratio.
Figure 9.39-b shows the ratio, sr/Sr, depending on the maximum specific
discharge of the old stable bed. For both data sets, the sr/Sr-ratio varies
around unity, i.e. no correlation with qold could be established.

In Figure 9.39-d, the influence of the old bed condition on the sr/Sr-ratio
is shown. The old bed condition is expressed by the old standard deviation
of the roughness heights, sold. Within this figure, it is visible that for smaller
standard deviations there exist the tendency that the bed restabilises by a
proportionally larger part by an increase of the standard deviation. At a dis-
tinct value, the sr/Sr-ratio varies around unity. Besides the condition of the
’old’ bed, the restabilisation mechanism of the previous increment plays a sig-
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nificant role when considering local values. Small channel sections, where the
previous restabilisation was mainly reached by a superproportional increase
of the standard deviation, will restabilise in the next step by an superpro-
portional loss of slope. However, as mentioned above, this plays a role for
small channel sections rather than for consideration of the whole reach.

As a first approximation, it is assumed from Figure 9.39, that the following
equation can be applied.

sr/Sr =

(
(snew/sold)

1.5

Sold/Snew)1.3

)
= 1 (9.14)

snew/s
1.5
old = Sold/S

1.3
new (9.15)

Integrating Equation 9.14 into Equation 9.13 leads to the following equa-
tions that can be used to assess the connection between stability and channel
bed degradation

qnew

qold

=

(
Sold

Snew

)2.6

(9.16)

Snew = Sold ·
(
qold

qnew

)1/2.6

. (9.17)

From the set of Figures 9.39, it can be concluded that the sr/Sr-ratio is
independent from the old condition of the bed. With these assumptions, the
’old’ maximum specific discharge, qold, in Equation 9.17, can be substituted
with Equation 9.12:

qold√
gs3

old

= 0.2S−1.3
old . (9.18)

Finally, this results in an equation that has the potential to predict the
loss of the channel gradient in the reach-scale for the investigated boundary
conditions:

Snew = 0.54 · S0.50
old · g0.19 · s0.58

old · q−0.38
new (9.19)

For engineering purposes, it can be assumed that the ratio determining the
restabilisation mechanism equals sr/Sr =0.75 (compare Figure 9.39-a). This
value assumes that the restabilisation occurs mainly due to an adaptation of
the channel slope, which is the unfavourable case when assessing the channel
bed degradation. Following this, the possible loss of channel gradient can be
calculated with
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Snew = 0.48 · S0.50
old · g0.19 · s0.58

old · q−0.38
new . (9.20)

Before applying Equation 9.20, it is necessary to determine the existent
bed stability, qold, with Equation 6.17. That means that the Equations 9.19
and 9.20 are only applicable when qnew > qold.

Macro-scale (Riffles and pools)

The following considerations rely on the digital elevation model (DEM) ob-
tained from the laser measurements. These measurements were corrected by
the influence of the reach-scale, i. e. the slope-detrended data was used. It is
important to note that not the proposed law of Equation 9.19 but the direct
measurements of every run were taken into account, as the effects of every
scale were investigated separately.
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Figure 9.40: Riffle-pool recognition for experiments ’9-30-8-8’ (above) and ’5-
30-15-15’ (below). A bed feature was recognised whether the local slope, S,
is larger or smaller than the reach-averaged value (dotted line). Bar features
were not evident in both cases. Run denotation: see Chapter 8.4.1.

According to the observations, the riffle structures are more subjected
to erosion than the pool structures. This reproduces the self-stabilisation
mechanism in the macro-scale. With increasing stream power, the bed tends
towards a one-dimensional configuration (in the macro-scale), i.e. a compen-
sation of the slope difference between riffles and pools is taking place.
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In a first step, riffles and pools had to be recognised from the longitudinal
profiles. Following the results in Chapter 9.2.3, this is problematic as there
is a gradual transition in the degree of the development of the riffle-pool
structures rather than a prominent threshold value. Therefore, an objective
recognition of macro-scale bed features is barely possible. Existing methods
from literature (see e. g. O’Neill (1984)), were derived for gravel-bed rivers
without meso-scale bed features. Hence, for the present boundary conditions,
where the macro-scale bed features are superimposed by step-pool features,
they produced not always reasonable results.

new condition

old condition

R:   Riffle

P:    Pool

Rold

Rnew

Rold

Rnew

Pnew

Pold

Pold

Pnew

dSmacro

dSmacro

dSmacro

dSmacro

Figure 9.41: Definition sketch for the loss of slope in the macro-scale, dSmacro:
longitudinal profile with idealised successions of riffles and pools.

For the present study, the characteristic differences in slope were used
to distinguish riffles and pools. For every point in the channel, the chan-
nel gradient was calculated over a section length of 1 m (meso-scale - see
Chapter 9.2.1). In the following, all parts steeper than the average were
recognised as riffles, whereas parts flatter than the average are attributed
to pool structures. Figure 9.40 points out the potential as well as the diffi-
culties of the described procedure. For some experiments distinct riffle-pool
structures could be clearly isolated, whereas for other experiments misinter-
pretations occurred. These difficulties could be attributed to cases where the
macro-scale bed features were not clearly established.

The self-stabilising mechanism in the macro-scale is approximated as a
rotational erosion around the toe of the riffle and the pool structure, respec-
tively. Hence, in a similar way as for the reach-scale erosion, the loss of
slope, dSmacro, for every structure determines the amount of the channel bed
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degradation at every point. dSmacro is equivalent to the difference of the old
and new slope of the bed feature (see Figure 9.41).
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Figure 9.42: Changes in riffle and pool gradients (dSmacro = Smacro,old −
Smacro,new) depending on the length of the macro-scale feature, Lmacro (see
Figure 9.40).

In Figure 9.42, the loss of slope, dSmacro, for each experimental run is
plotted depending on the appropriate length of the recognised macro-scale
structure. The figure shows a significant scatter of dSmacro, for riffles and
pools with lengths smaller than 0.5 m, and a rather consistent behaviour
with increasing structure lengths. Following this, the empirical threshold of
0.5 m was assumed to be the minimum length of a macro-scale structure. The
result of this procedure can be observed in Figure 9.40, where all features
above or below the dotted line and with a length larger than 0.5 m were
recognised as riffles and pools respectively, whereas the other features were
not taken into account for the macro-scale data interpretation.

In Figure 9.43-a, the dimensionless parameter, q∗, from Equation 9.11 is
shown depending on the local gradient of the macro-scale structure, Smacro.
In this case, the standard deviation of the roughness heights is determined on
the riffle or the pool structure, respectively. Each data point represents the
average value for all recognised riffle or pool structures of one experimental
run. In addition to the data, Equation 9.12, and the best fits of the riffle and
pool data are shown. It is evident from Figure 9.43-a that the riffle structures
and the pool structures follow a similar power-law relationship as Equation
9.12. However, the riffle-curve lies above the reach-scale curve, whereas the
pool-curve lies below it. For the pool-data, the best fit (r2 =0.96) can be
described with

q∗ = 0.2S−1.2, (9.21)
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whereas the best fit of the riffle-data (r2 =0.90) results in

q∗ = 0.2S−1.5. (9.22)

Interestingly, the pool data is closer to Equation 9.12 than the riffle data.
In Equation 9.12, the standard deviation of the bed elevations was applied
to describe the bed roughness in the meso-scale.
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Figure 9.43: Variation of q∗ depending on the slope, Smacro, for the macro-
scale bed features, a) averaged over all features of one experimental run and
b) local values.

As a consequence, the different behaviour of the Equations 9.21 and 9.22
in comparison with Equation 9.12 give a link to the meso-scale bed mor-
phology superposed on the riffles and the pools. As a result, the meso-scale
morphology superposed on the macro-scale pools seem to resemble more the
morphology of the experiments without macro-scale bed features than the
meso-scale morphology on the riffle features does (compare Figures 9.13 and
9.14).

It must be emphasised that the fits rely on average values. The large
scatter of individual values is shown in Figure 9.43-b. This scatter contains
the variation of the macro-scale bed features in one experimental run (longi-
tudinal variation) and the differences within each individual feature (lateral
variation). The latter variations appear, as every recognised structure con-
tains several scans depending on the width of the structure. The variability
in both directions (longitudinal and lateral) is large and contribute to the
scatter in Figure 9.43-b. As a conclusion, the uncertainties of the results in
the macro-scale are significantly larger than for the other considered scales.

Assuming the validity of Equations 9.21 and 9.22, the loss of erosion
can be calculated in analogy to the procedure described for the reach-scale.
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Figure 9.44: The proportioning of the two mechanisms (increase of the stan-
dard deviation, sr,macro = (snew/sold)

1.5, or decrease of the channel gradient,
Sr,macro = (Sold/Snew)1.3) for the macro-scale restabilisation process depend-
ing on the discharge increments.

Figure 9.44 contains the sr,macro/Sr,macro-ratios for all experiments. The com-
parison between Figure 9.39 and 9.44 shows that for the macro-scale data a
larger scatter can be observed. Nevertheless, the sr,macro/Sr,macro-values are
still in relatively narrow margins. Assuming a lower limit in Figure 9.44 of
sr,macro/Sr,macro = 0.7, the estimation of the new average riffle gradient can
be obtained from

Snew = 0.89 ∗ Sold ·
(
qold

qnew

)0.333

. (9.23)

Correspondingly, for the pool features results

Snew = 0.86 ∗ Sold ·
(
qold

qnew

)0.417

. (9.24)

Assuming that the ratio sr,macro/Sr,macro is independent on Sold, qold and
sold, the new riffle gradient, Snew, can be calculated with

Snew = 0.44 · S0.50
old · g0.21 · s0.63

old · q−0.42
new , (9.25)

whereas for the pool results

Snew = 0.52 · S0.50
old · g0.17 · s0.5

old · q−0.33
new . (9.26)
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Meso-scale (Steps and pools)

In analogy to the previously described procedure, the influence of the macro-
scale and the reach-scale was removed before the stability in the meso-scale
was assessed. That means that the reach-scale trend in addition to the trend
at every recognised macro-scale bed feature (riffle and pool) was removed
from the original DEM-data (by linear regression) before assessing the meso-
scale self-stabilisation mechanism.

As previously described, the restabilisation in the meso-scale corresponds
to a rearrangement of the step structures. Within this process, the pools
have been identified as preferred locations for the development of new steps
(compare Chapter 9.3). This observation is confirmed in Figure 9.46-a, where
the results of the experiment with a discharge enhancement from a maximum
discharge of 4 l/s to 5 l/s (flume slope: 13 %, flume width: 60 cm) are exem-
plarily illustrated . On the abscissa, the roughness height in the meso-scale,
Zmeso, is shown, whereas on the ordinate, the local channel bed degradation,
dZmeso, is plotted (definition sketch: see Figure 9.45). As every measuring
point in the channel is illustrated, the figure expresses the local behaviour in
the meso-scale.

0

new condition

old condition

Zmeso

dZmeso

Figure 9.45: Definition sketch for the parameters Zmeso and dZmeso.

From Figure 9.46-a, a clear positive trend can be recognised, i. e. where
the bed elevations are higher than on average (step features), the erosion is
higher, and, contrary, where the bed elevation are smaller than on average
(pool features) accumulations can be observed. A fit to the data in Figure
9.46 results in

dZmeso = 0.9Zmeso. (9.27)

This relationship could be established for all experiments, with small
variations between the individual tests.
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9.7 Stability of man-made step structures

This is confirmed by Figure 9.46-b, where the empirical cumulative den-
sity functions of the residuals for all experiments are shown. The residuals
were determined by detrending the experimental data with Equation 9.27.
The residual curves can be described with:

p∗ = 0.5 ·
(
tanh

(
4.55

dZres

dmax

)
+ 1

)
, (9.28)

where p∗ is the value of the empirical cumulative density function.

In addition to the apparent trend, Figure 9.46 confirms the applicability
of the proposed procedure for the removal of the macro-scale effects, as no
difference can be established between the sections with riffles compared to
those with pools.
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Figure 9.46: Meso-scale correlation between channel bed degradation, dZmeso,
and roughness height, Zmeso (left) and cumulative density functions of the
residuals, dZresi (right). Here, p∗ is the value of the empirical cumulative
density function.

9.7 Stability of man-made step structures

The experiments that focussed on the stability of the man-made step struc-
tures were carried out at channel gradients of 10 % and 13 %, respectively. In
the following subsections, the stability of the man-made step structures will
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be considered in two different ways. First, the different failure mechanisms
will be described and considered in more detail. Afterwards, the stability
of the man made-steps will be compared with the natural structures. These
two methods are in close connection to the definition of stability. First, a
focus on the failure mechanisms implies to define the stability in the context
of every individual step structure. Second, a comparison with natural step
structures is more promising when considering the stability of the whole river
reach.

9.7.1 Failure mechanisms

Observations

Starting from a plane bed (see Chapter 8.4.2), the discharge was slowly in-
creased to allow armouring of the base material. In analogy to the develop-
ment of the natural structures, the step structures became dominant from
the moment the steps were visible at the surface. Water, flowing over the
steps, was deflected towards the bed, and the development of a scour hole
behind the steps could be observed. This effect was substantially increased
due to an irregular distribution of the specific discharge. Flow concentra-
tions occurred due to accumulations of bed material, and due to a variable
roughness geometry in the approach flow.

Upstream of the steps, a flattening of the channel gradient could be ob-
served as the steps fixed the bed at a certain level. Potentially existent
small offsets before the step structures did not play any role for the observed
processes. Transported sediment accumulated before the steps, so that the
bed level came to rest approximately at the top edge of the step structure.

Three different failure mechanisms were observed to be significant for the
step stability.

• A difference between the foundation depth of the step and the bed level
behind the step led to a collapse of the whole step structure.

• An extensive erosion of the underground material upstream of the step
structure endangered the step.

• The direct erosion of the step-forming elements led to a partial destruc-
tion of the upper part of the steps. Changes in the step configuration
in turn led to adaptations in the flow field and could progressively en-
danger the whole step.
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9.7 Stability of man-made step structures

In addition to the local scouring, the formation of an equilibrium slope
in the bed section between two successive steps plays a significant role. This
adaptation of the channel bed between the step structures influenced the bed
level behind the step structure, and hence, its required foundation depths.

In total 33 step structures were investigated. The most frequently ob-
served failure mechanism was the undermining of the steps due to local
scouring (63 %), followed by the erosion of the base material upstream of
the steps (21 %) and the direct erosion of the bed-forming elements (16 %).
However, as step configuration, foundation depth and base material varied
between the different experiments, a more detailed consideration will be car-
ried out in the following subsections.

In correspondence to other studies (Vogel, 2003; Semadeni et al., 2004;
Felix, 2005), a gradual failure of the step structures was observed rather than
an instantaneous collapse. As a consequence, the definition of ’failure’ is not
a straightforward threshold value but subject to an individual assessment.
Usually, it is distinguished between a lower threshold value where first move-
ments could be observed, and a value of maximum stability corresponding to
a total collapse of the structure. The consistency of these values depend on
the variability of the individual structure, which will be explained in more
detail by considering the definition of a threshold describing the maximum
stability.

For the present investigation, the base material was chosen to represent
a bed material typical for steep open channels, whereas the step forming
elements were significantly larger (see Figure 8.2). In case of a gradual de-
struction of the step structure, the step forming boulders mixed with the base
material. This in turn resulted into a grain size distribution again possible
to form bed features that possessed the potential to restabilise the bed. As
a consequence, in the present study an objective definition of the maximum
stability was difficult. In contrast, for a structure where a relatively uniform
base material protects the underlying finer underground material, the defi-
nition of a maximum stability is more straightforward. The reason is that
a destruction of the step structure is associated with large erosions as the
mixed grain size distribution (base material plus step material) have not the
potential to restabilise the bed without a significant loss of slope (see Figure
9.50).

These considerations are confirmed by examining the threshold values
describing the first movement of elements of the step structure. For these
conditions every nature-oriented man-made structure, i. e. structures where
cement, concrete, micropiles, steel cords or other materials are not used, im-
ply a variability that make detailed predictions difficult. Following this, the
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quantification of a threshold that determines first movement of step-forming
elements will always show a considerable scatter.

As a conclusion, for an overall assessment of the stability of nature-
oriented man-made structures, the interconnection between stream power
and ’damage’ (e. g. channel bed degradation) must be considered. Hence, the
model proposed for natural step-pool streams (see Chapter 9.6) could be used
to assess the stability of man-made structures. However, the progression of
the stability in the reach-scale and in the meso-scale depends on the individ-
ual structure design.

The above considerations describe the crux for the design of nature-
oriented man-made structures. The most stable structures are those that
possess a high variability. This variability is expressed e. g. by a good inter-
locking of the step forming boulders due to different stone shapes lying in
different orientations or by a wide grain size distribution of the base material.
In general, variable structures suffer from the principle drawback concerning
their reproducibility and their implementation under field conditions. As a
conclusion, the construction of variable structures will always result in a great
scatter of possible stability thresholds, hence, their individual behaviour is
difficult to predict. On the other hand, the construction of reproducible fea-
tures require a small variability and consequently, imply a smaller stability.

Direct erosion of step-forming boulders

As described in Chapter 6.7, the assessment of a step collapse due to the
direct erosion of a step-forming boulder is equivalent to the consideration
of incipient motion for a single grain embedded in its environment. A de-
terministic treatment of this problem always includes a significant degree of
simplification. In the present study, an indirect method is chosen to assess
the influence of the direct erosion mechanism. The step-type largely influ-
ences the interlocking of the step forming elements, and hence, the direct
erosion mechanism. For the present experiments, a direct erosion of step
forming elements was observed only for the step-types 1,5 and 6 (defined in
Figure 8.10). This is demonstrated in Figure 9.47, where the average values
of the dimensionless stream power, Q∗ (defined in Equation 9.3) for the first
observed movements of a step stone are shown depending on the step-type.
All considered steps in Figure 9.47 had a comparable foundation depth. As a
consequence, the different Q∗-values can be attributed to the influence of the
step-type on the direct erosion mechanism. The figure shows that the step-
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9.7 Stability of man-made step structures

types 1 and 6 were prone to be subjected to the direct erosion mechanism. In
contrast, the step-forming elements of step-type 4 were tightly interlocked,
which resulted in higher Q∗-values.

Besides the step configuration, the construction of the steps play an im-
portant role with respect to the interlocking of the stones. For the present
investigation, this influence was minimised as the structures were build in
always by the same person.
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Figure 9.47: Dimensionless critical stream power for the first movement of a
step forming boulder. Step types are shown in Figure 8.10. Q∗ is defined in
Equation 9.3.

In Chapter 6.7.2, the criteria of Thomas et al. (2000) was presented for
a determination of the minimum required boulder size to avoid direct ero-
sion (see Equation 6.24). For the experiments of the present study, where
direct erosion was the fundamental process for step failure, the critical dis-
charges were all in the same range, i. e. qc = 0.018-0.020 m2/s. With Equa-
tion 6.24, this results in a minimum required step boulder of approximately
Dmin ≈ 0.02 m. As the step forming boulders had an average size ofD = 0.092m
(and a standard deviation of 0.002 m), Equation 6.24 results in values that
are significantly too small. This effect was already mentioned by Thomas
et al. (2000), who found the mean natural boulder size to be significantly
larger than the calculated Dmin.

Another threshold criteria for the initiation of movement of a step forming
boulder was proposed by Lenzi (2002) (see Equation 6.26). As he considered
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the sliding of the boulders, this criteria is approximately applicable to the
conditions found at step-types 1,5, and 6. For these step-types, sliding is
the dominant mechanism of movement, as the step stones are mainly placed
vertically on the top of each other. The step forming elements had an a-
axis of approximately 0.12 m. This results in a calculated critical velocity of
Uc ≈ 1.1 m/s.

At the steps, critical flow conditions established, therefore, the corre-
sponding flow depth can be calculated by assuming a rectangular cross-
section: hc ≈ 0.03 m. With qc = 0.018-0.020 m2/s and the continuity equa-
tion, this results in a critical average velocity of Uc ≈ 0.7 m/s. The consider-
ations in Chapter 9.4.3 showed that the specific discharge could significantly
exceed the average values due flow irregularities. In general, an application
of equations in the form proposed by Lenzi (2002) require simplifications
and assumptions. If these simplifications are on the safe side (which is rea-
sonable), their application should always include a large margin of safety.
However, the present result suggest the opposite: an overestimation of the
stability when Equation 6.26 was applied. As previously described, a more
precise determination of the incipient motion of a single grain embedded in
a variable environment is a very complex issue (compare Chapter 6.2).

Stability of base material

The observations of the present study revealed that the erosion of the base
material in the field between the scour hole of an upper step and the following
structure is an important aspect. The destabilisation of the base material
led to a mobilisation at the upper part of the following step structures. This
mechanism is in close connection to the observations of other studies,that
described an influence of transported sediment on the stability of a step-pool
sequence (Koll, 2002; Semadeni et al., 2004).

The assessment of this mechanism is mainly a function of the grain size
distribution of the base material, the relative submergence, the step dis-
tance, and the local flow field. However, whether the sediment slug of the
base material or the local alteration of the flow conditions triggered the step
destabilisation could not been observed. As a consequence, due to the local
and dynamic behaviour of this effect, it could not be quantified with the
experimental set-up of the present study.

Local scour

As previously described, most of the step structures collapsed due to local
scouring in combination with the effects of a rotational erosion of the channel
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bed around the next downstream located step structure.
A main problem for the analysis of the scour depth was the large variabil-

ity in the vicinity of the steps. This variability is expressed e. g. by varying
specific discharges and locally varying bed material in the scour hole. Ad-
ditionally, the angle of the jet impinging on the channel bed could vary
significantly, if steps are constructed from natural boulders. The impinging
angle in turn largely influences the scour hole dimensions.

As a consequence, shape, depth, and length of the scour hole could differ
significantly, even between two points in the pool lying close to each other.
As the largest scour depths determine the step stability, these values were
assessed for every step structure. A variety of additional measurements were
carried out, resulting in 26 values of the local scour depth and length.

In general, the stability of a step was endangered, when the scour hole
reached the foundation depth. Refilling of the scour hole with finer material
was not a frequently observed process, as no additional sediment was intro-
duced at the upstream end of the channel. However, in case of refilling, a
re-scouring process was possible also at discharges smaller than the maxi-
mum discharge but only up to the scour depth before the refilling occurred.
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Figure 9.48: Measured scour depths and lengths compared with the equations
proposed by Comiti (2003) and Thomas et al. (2000). A definition sketch of
the shown parameters can be found in Figure 6.10.

Figure 9.48 shows a comparison between the measurements of the present
study and the equations proposed by Thomas et al. (2000) and Comiti (2003),
in the left figure for the scour depth and in the right figure for the scour
length. The solid lines represent absolute agreement between measured and
calculated values, whereas the dotted lines express the 30 % margin.
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For the scour depths (left figure), most of the data lie near the line of
agreement, however, with a significant scatter. This scatter is attributed to
the high variability even within one step structure and the difficulties to ob-
tain representative values. These general observation are confirmed for the
step length. Although most of the data is located in the vicinity of the line
of agreement, a considerable scatter could be observed.

As a conclusion, the equations proposed by Thomas et al. (2000) and
Comiti (2003) can be applied to assess the required foundation depth of man-
made step structures, if an additional margin of safety is taken into account.
Generally, the application of a formula predicting scour dimensions largely
depends on the boundary conditions. Besides the range of application, the
variability of the structure have to be taken into account. In case of steps
constructed from large boulders, an assessment of the scour dimensions is
difficult due to the variable parameters described above. These considerations
and its consequences on the design of nature-oriented man-made structures
will be discussed in more detail in Chapter 10.1.4.

9.7.2 Comparison with natural structures

In the following, the stability of the naturally developed steps (SGS-runs)
is compared with the stability of the man-made step structures (MS-runs).
This can be done either by considering the bed stability over the whole length
of the flume (reach-scale) or by focussing on individual step structures (meso-
scale).

Meso-scale: Stability of individual steps

The assessment of the individual step stability is difficult, as the recognition
of the naturally developed step structures required a subjective classification
procedure (see Chapter 8.3.5 and 9.2.4). However, the detailed evaluation of
slope and channel width allowed for a calculation of the dimensionless stream
power, Q∗ (see Equation 9.3), for every recognised step. Following this, the
large number of visually inspected steps results in a distribution of Q∗-values.

In Figure 9.49, these distributions are sorted with respect to the average
number of stones in a step in vertical direction. In the figure, the square
marks denote the mean value of the Q∗-distribution, Q∗

m, and the bars repre-
sent the range expressed by Q∗

m−Q∗
s and Q∗

m +Q∗
s, where Q∗

s is the standard
deviation of the Q∗-distribution. In addition, Figure 9.49 contains the sta-
bility values (described by a Q∗-value) of the man-made steps depending on
the step-type. Step-type 4 was divided into two different data sets, i. e. set
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’a’ represents the experiments with base material 3, whereas set ’b’ repre-
sents the experiments with mixture 4 (see Figure 8.2). This is important,
as the grain size distribution of the SGS-runs was equivalent to the mixture 3.

Figure 9.49 shows that on average, the naturally developed steps reveal a
larger stability than the man-made structures. This discrepancy increases for
larger steps, i. e. with a larger number of stones lying upon each other. This
is attributed to the difficulties in constructing sufficiently well interlocked
steps. These difficulties increase with increasing step height. In contrast,
the naturally developed steps always exhibit a ’perfect’ interlocking for the
maximum occurred discharge, independently on the number of vertical stone
layers.
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Figure 9.49: Comparison between the dimensionless critical stream power,
Q∗ (see Equation 9.3), for the ”failure” of the steps depending on the step
configuration. The defintion of the term ”failure” was considered in Chapter
9.7.1. The step-types are defined in Figure 8.10.

Additionally, Figure 9.49 shows that the values of Q∗ for the man-made
structures scatter substantially, which makes it difficult to deduce objective
criteria for the design of the steps. However, a comparison between the
lower limits of the natural structures, Q∗

m, and those of the man-made struc-
tures (denoted as Q∗

mm) can give an indication for the stability of the step
structures. Depending on the number of stones lying upon each other, this
comparison results into Q∗

mm ≈ 0.7Q∗
m when the step height is small and

Q∗
mm ≈ 0.4Q∗

m for larger steps. A link for the order of magnitude of Q∗
m

could result from the Figures 9.17 and 9.18.
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Reach-scale: Stability of the step-pool system

Figure 9.50 shows a comparison of the reach-averaged bed slope for the SGS-
run with a flume slope of 10 % and a flume width of 60 cm (see Chapter 8.4.1)
and the MS-runs ’DV-1’ and ’DV-2’ (see Chapter 8.4.2). Both experiments
were carried out at a flume slope of 10 % with the same overall grain size
distribution. In this context, the overall grain size distribution represents
a hypothetically grain size distribution mixed from the step forming stones
and the base material. The MS-runs ’DV-1’ and ’DV-2’ were chosen, as their
overall grain size distribution is equal to the homogenously mixed grain size
distribution for the reference SGS-run.
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Figure 9.50: Reach-scale: Comparison between the behaviour of the man-
made step structures and the natural structures. The development of the
channel gradient, S, depending on the specific discharge, q is shown.

The figure demonstrates the different behaviour of the channel bed in the
reach-scale. Whereas for the SGS-runs a gradual decrease of the channel
gradient could be observed, the constructed steps are able to fix the channel
bed and, hence, the channel gradient at the initial level. The last points
for these experiments (’DV 1’ and ’DV 2’) correspond to the runs where the
steps were mainly stable before they got destabilised. Unfortunately, the
experiments were stopped when a significant damage of the individual steps
occurred. However, it is assumed that with increasing discharge, a rapid
approaching of the ’DV’-curves to the curve with ’natural steps’ will occur
(dashed line). The unknown progression of the curves are determined by the
complex interrelation between the individual step configurations, the number
of steps and the step distance. In addition, it is unknown, to what extent
the local accumulation of large step-forming stones affects the progression of
the curves in Figure 9.50.
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In Figure 9.51, the reach-scale stability, expressed by the dimensionless
specific discharge, q∗c , of the man-made structures is shown in comparison to
all data of the SGS-runs (see Chapter 9.6.2) and to Equation 9.12 of Aberle
(2000), left in a larger scale and right focussed on the appropriate slope range.
This figure points out the general applicability of Equation 9.12 to assess
the reach-scale stability of man-made ramp structures. As described above,
the experiments stopped when a significant damage of the individual step
structures could be observed. Hence, the changes in Figure 9.51 between
the individual experiments are small, as the variations of the channel bed
gradient were small. The increase in discharge was balanced by an increased
in the standard deviation, which is mainly the result of the developing scour
hole behind the step structures.
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Figure 9.51: Comparison between the different sets of experiments of the
present study (MS-runs and SGS-runs) and the stability approach proposed
by Aberle (2000) (Equation 9.12) - left, for the whole range of the data and
right, zoomed to the range of the MS-runs. q∗ denotes the dimensionless
critical specific discharge, S is the slope. Run denotations: see Table 8.5.
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Chapter 10

Conclusions and Outlook

10.1 Results

10.1.1 Bed morphology and origin of the bed features

In the centre of all considerations is the occurrence of different geomorpho-
logic scales that influence and reflect the physical processes. These scales
and their characterisations are listed in the following.

Reach-scale: Topographic, geologic or man-made features could act as pivot
points and influence the behaviour in the whole system.

Macro-scale: Macro-scale bed features are associated with large-scale suc-
cessions of steep and gentle gradient sections. These structures have
been termed riffles and pools in analogy to the frequently described
bedforms in gravel-bed rivers.

Meso-scale: In the meso-scale, the bed morphology is characterised by suc-
cessions of steps and pools. A main characteristic of meso-scale bed
features is that they are in the same order of magnitude as flow depth,
even at high flow rates.

Micro-scale: The micro-scale comprises individual grains or small bedforms.
These features are significantly smaller than the flow depth.

Steep open channels are characterised by coarse, structured armour layers
that are often denoted as step-pool systems. Following this, the experimental
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set-up oriented on the formation of steps and pools, which is mainly controlled
by discharge, flume slope, and grain size distribution. Additionally, the ratio
of flume width to maximum grain size plays a significant role, as it determines
the number of boulders required for a total blocking of the channel. For
larger flume widths, the occurrence of macro-scale bed features could be
observed, which influenced all relevant processes. Finally, the reach-scale
was considered to represent the channel bed over the whole length of the
flume. Micro-scale processes could only be considered in a limited way, as
the lag of the laser displacement measurements were approximately 0.44dmax.

The transitions between the scales could be established for the considered
boundary conditions at about 9 dmax for the transition from the meso- to the
macro-scale, and 18-26dmax for the macro to the reach-scale.

An important aspect for the assessment of all important processes is the
description of the roughness structure depending on the existent geomorpho-
logic scales. In this connection, the present study showed up the suitability
of the standard deviation of the roughness heights to describe the roughness
geometry in the meso-scale but points out the difficulties when macro-scale
bed features exist. In the face of practical applications under field condi-
tions when macro-scale bed features are absent, it is suggested to measure
the standard deviation for a minimum section length of ≈ 20dmax. In anal-
ogy, the channel gradient should be measured for the same minimum section
length.

From the initial, plane bed conditions, the formation processes of steps
and pools were observed in the experiment. The discharge was increased in
small increments. Armouring could be observed at the smallest discharges.
As the discharge reached values where larger bed elements but not the largest
were mobilised, the armouring process was superposed by the development of
bedforms. Antidunes did not contribute to the observed formation processes.
The first bedforms formed at discharges where the largest bed elements were
stable, so that smaller particles could accumulate. These bed features were
relatively small step structures. With increasing discharge different kinds of
characteristic step structures developed. At small values of stream power
(mainly the product of slope and discharge) small transverse steps, small
clusters and isolated large elements were mainly classified. With increasing
stream power the mobility of the largest boulders increases, and the large
bed elements rearranged towards other typical bed features, as e. g. stream-
lined structures or larger transverse structures. A combination of both are
the ring structures. The capacity to accumulate the large bed elements de-
termined the occurrence of the different bedform types. As a consequence,
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large, distinct transverse step structures were the dominating bed form at
steep channels and large stream power values.

These results give insight into the morphogenesis of step-pool systems.
The fundamental process is the transport of larger bed elements. All bed
features as e. g. other stable step structures, immobile key stones or antidunes
affect the mobility of the transported particles, and hence, the generation
of steps. The issue which is the main process for step-pool generation, is
equivalent to the question, what kind of bed features occur under which
conditions.

An often applied method for the discussion of the antidune-theory is the
comparison between field measurements of the step-pool geometry with the
diagram of antidune formation of Kennedy (1963). Generally, it is ques-
tionable, if the underlying assumptions of Kennedy’s theory are applicable
to the conditions typically found in steep open channels. The data of the
present study fitted very well into the region of antidunes, although no sig-
nificant contribution of antidunes on the generation of steps and pools has
been observed.

Consequently, the frequently applied procedure to assess the antidune-
theory basing on an analogy between ths existent step-pool geometry and the
Kennedy-region must be rejected. In contrast, the observed analogy between
the Kennedy-diagram and the present data suggest that antidunes are not
necessarily the reason for step-pool development rather than an equivalent
for a different stream type to adjust the bed morphology towards a condition
that implies maximum flow resistance.

10.1.2 Stability of naturally developed channel beds

The described rearrangement process of the step structures expresses the self-
stabilisation potential of the channel bed material typically found in steep
open channels. Previous stability approaches usually consider a single thresh-
old value for the critical condition of the bed. With these approaches, the
consequences of an exceedance of the threshold value can not be assessed.
However, with respect to natural hazards, this issue is an important aspect.
In the present study, the stability was considered as a gradual development
towards a condition that possesses a maximum stability. The adaptations
of the channel bed in combination with the channel bed degradations take
centre stage in the approach of the present study.

In analogy to the previously described meso-scale, a self-stabilisation po-
tential exists for the other geomorphologic scales (see Figure 9.35). These
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processes can be described by the following mechanisms.

• Reach-scale: Rotational erosion around a pivot point.

• Macro-scale: Adaptations towards a bed structure without successions
of riffles and pools.

• Meso-scale: Adaptations towards a step-pool geometry that implies
maximum stability.

• Micro-scale: Adaptations towards a coarse, armour layer that implies
maximum stability.

The observations have shown that the restabilisation mechanisms in dif-
ferent scales could not be treated separately, as there is a complex interre-
lation between each other. Generally, the adaptations in different geomor-
phologic scales are associated with channel bed degradation, which is the
fundamental aspect regarding the stability in steep open channels.

Within the present study, the individual scales are treated separately.
Therefore, the channel bed degradation could be computed for a specific dis-
charge that exceeds the critical value of the channel bed (Equation 9.12).
The specific behaviour of the channel in the different geomorphologic scales
must be taken into account. For a determination of the standard deviation
and the channel gradient under field conditions, a minimum section length
must be kept (see Chapter 10.1.1).

Reach scale:

Snew = 0.48 · S0.50
old · g0.19 · s0.58

old · q−0.38
new . (10.1)

Macro-scale, Riffles:

Snew = 0.44 · S0.50
old · g0.21 · s0.63

old · q−0.42
new . (10.2)

Macro-scale, Pools:

Snew = 0.52 · S0.50
old · g0.17 · s0.5

old · q−0.33
new . (10.3)

Meso-scale:
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dZmeso = 0.9Zmeso (10.4)

p∗ = 0.5 ·
(
tanh

(
4.55

dZres

dmax

)
+ 1

)
(10.5)

Herein, Snew denotes the slope of the channel bed section in the reach scale
after a specific discharge qnew led to destruction of the channel bed, described
by the parameters, Sold (slope) and sold (standard deviation of the roughness
heights in the meso-scale). The gravitational acceleration is denoted with
g, the local erosion in the meso-scale with dZmeso and the roughness height
with Zmeso. dmax is the maximum grain size, p∗ the cumulative frequency,
and dZres the residual erosion (see Figure 9.46).

Although these results base on experiments with stationary flow, they
may also be applicable to unsteady flow conditions. In a first step, it can be
assumed that the progression of the hydrograph of a flood event resembles
the discharge increments of the experiments in the flume. This assumption
is underlined in Figure 8.8, where it is demonstrated that sediment trans-
port ceased within the first minutes of the experiments. Following this, the
channel bed degradation can be approximately assessed for every discharge
increment of the hydrograph. Knowledge of the channel bed degradation
allows for an analysis of the hillslope stability and hence, the moment of a
reaction of the channel boundaries.

10.1.3 Macro-scale bed features

The considered ratios of flume width to maximum grain size allowed for an
assessment of the macro-scale bed features. These structures are charac-
terised by both a horizontal as well as a vertical oscillation of the channel
bed. The horizontal, quasi-meandering tendency is evoked by bar features
located alternately at the channel sides. These features could be identified
with delineation criteria as e. g. the one proposed by da Silva (1991), if the
modificatons of Zarn (1997) are taken into account.

In addition to the horizontal oscillation, vertical variations express suc-
cessions of steep and gentle gradient sections, i. e. riffle and pool sections. An
important result of the present study concerns the observation that these fea-
tures possibly occur although the horizontal oscillations were not apparent,
i. e. for relatively small flume widths.
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The macro-scale bed features significantly influence the flow field and the
flow resistance. The measurements revealed that the cross-sectional distrib-
ution of the specific discharge varies with the development of the macro-scale
bar features. As long as bars were absent, the flow is usually considered to
be mainly two-dimensional. For this case, the maximum specific discharges
ranged up to approximately 1.3qm, where qm is the cross-sectional average
of the specific discharge. The occurrence of bar features resulted in flow
concentrations which leads to specific discharge peaks larger than twice the
cross-sectional average value, qm.

In close connection to the flow field is the flow resistance. For the condi-
tions without macro-scale bed features, the flow resistance data of the present
study could be predicted by the equation proposed by Aberle and Smart
(2003) (see also Aberle (2000)). In contrast, the deviations increased with an
increasing development of the macro-scale bed features. Experiments with
well-pronounced bar features had smaller values of the flow resistance. This
effect can be attributed to differences in the meso-scale structure, that occur
depending on bar features are present or not. The diminishing effect of the
macro-scale bar features can be taken into account with Equation 10.6 which
is an extension of the approach proposed by Aberle and Smart (2003)

c = 0.9 · p−1.58
w · h

s
. (10.6)

Herein, c denotes the Chézy-coefficient, s is the standard deviation of
the roughness heights in the meso-scale, and pw is the wetted portion of the
channel bed. pw can be calculated with Equation 9.7, in which Atot refers to
the bankfull width of the channel. h denotes the average flow depth, which
should be determined over a minimal section length of ≈ 20dmax.

10.1.4 Stability of nature-oriented man-made structures

The literature review, as well as the analyses of the present study, demon-
strated a large number of possible structures applicable to stabilise a channel
bed. As a consequence, the individual design of a structure must depend on
the boundary conditions at a specific channel.

The considerations of the present study revealed two principle ways to
approach the design of a nature-oriented man-made structure. The first
way is to develop design criteria for nature-oriented man-made structures, as
e. g. structured ramps, boulder-check dams or others. The second way is to
utilise the self-stabilisation potential of a widely graded sediment mixture.
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As it could be demonstrated with the present experiments, design criteria
of built structures are only possible, if the structures are reproducible, both
in the laboratory and in the field. This requirement leads to well-defined
structures with a small variability and a rather binary damaging behaviour
compared two the natural step-structures (compare Chapter 9.50). Gener-
ally, the design of these structures base on the concept to provide measures
that withstand all possible failure mechanisms. In case of the steep open
channels, this requires considerable efforts and an increased knowledge of
local processes.

In the present study, three failure mechanisms were observed: Direct ero-
sion of the step-forming elements, overall, and massive transport of the base
material between the steps, and step collapse due to a disparity between
the foundation depth and the scour hole behind the step. The fundamental
observation for all three mechanisms is the large variability of the involved
parameters. This implies a comparison between the load and the stability
in a very local scale. Due to the variable conditions of the local specific dis-
charge, the step configuration, and the base material, this comparison was
only possible in a limited way (see Chapter 6.7). For the assessment of the
local scour mechanism, the equations proposed by Comiti (2003) can be ap-
plied, if a specific margin of safety is taken into account (compare Figure
9.48).

The second principle way to stabilise a channel bed is to use the self-
stabilisation potential of a widely graded sediment mixture, i. e. existing bed
material is replaced or added with external material. It is suggested to ap-
ply the Equations 9.20, 9.27 and 9.28 in combination with an appropriate
grain size distribution, to design stable bed sections in steep open channels.
The main advantages would be a small susceptibility to the implementation
accuracy of the design and the naturalness of the structure. The disadvan-
tage is that the erosion of a specific volume is required for the development
of the structure. The suggested relationships provide the tools to predict
the associated channel bed degradation during the phase of self-stabilisation.
However, further research is required to assess the influence of different para-
meters that have been studied in the present thesis in an idealised way. This
will be discussed in the following section. In addition, the design recommen-
dations for this kind of structure must be closely oriented on the parameter
combinations tested in the model.

The decision which of the two presented alternatives is suitable depends
on the boundary conditions of the individual case. It is expected that the first
method is applicable for channels with relatively small slopes (e. g. smaller
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than approximately 3-5 %) and well-defined boundary conditions. Contrary,
the latter procedure is expected to have the potential to stabilise the channel
bed also for steep conditions (S > 5 %), with variable, complex boundary
conditions.

As a conclusion, by designing nature-oriented man-made structures it is
important to distinguish the stability in different scales. The stability of an
individual step structure is usually smaller than the stability of a natural
step structure. In contrast, the channel bed variations of a whole considered
river reach, stabilised with man-made structures are usually smaller for small
discharges. For larger discharges, the circumstances change: the failure be-
haviour of a reach stabilised with man-made structures is more similar to
a sudden collapse at a certain discharge compared to a natural river reach
composed of similar grain sizes.

10.2 Outlook

In the present study, the very complex system of steep open channels have
been studied in an idealised way by flume experiments. Hence, the limitations
of the results are directly linked to the simplifications of the natural system.
The idealisations, listed in the following, demonstrate the demand for further
research:

• a limited number of investigated grain size distributions,

• a straight channel alignment with smooth side walls,

• no inflow of sediment into the system,

• no feedback by a variable boundary,

• stationary experiments,

• a maximum flume slope of 13 %,

• a limited number of W/dmax-ratios,
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• small discharge increments, and

• a limited thickness of the sediment layer comprising the channel bed.

A systematic variation of the above parameters will provide further in-
side into the understanding of the stability in steep open channels. It is
the believe of the author that the principle, proposed concept of assessing
stability in natural channels has the potential to be the basis for further in-
vestigations. Although all these topics have an independent influence on the
stability, they all concern the main, fundamental issue, i. e. the development
of the bed morphology in different geomorphologic scales and the appropriate
description of its roughness structure.

As width is often restricted in steep open channels, the complex interre-
lationship between the self-stabilisation mechanisms in the reach-scale and
the meso-scale are of particular interest. The self-stabilisation potential in
the meso-scale depend on the available sediment in combination with the
channel width and the bank configuration. The question whether the exis-
tent conditions are sufficient to stabilise a channel additionally depend on
the stream power, i. e. mainly slope and discharge. Hence, one of the ma-
jor open questions is under which conditions what kinds of meso-scale bed
features develop. In this connection, a delineation diagram similar to those
distinguishing different macro-scale bedforms would be a powerful and quick
tool with respect to the assessment of the bed morphology and bed stabil-
ity in natural channels. In addition, it would be a significant step towards
general design criteria for nature-oriented man-made structures. Due to the
variable conditions, it is expected that such a diagram would mainly base on
probabilistic rather than deterministic considerations.

Following this consideration, the interrelation between the grain size dis-
tribution, the stream power and the boundary conditions is one of the chal-
lenging problem. It is proposed that (in analogy to the considerations of
Gessler (1965) and Günter (1971)) a calculation method can be derived where
an initial grain size distribution in combination with a specific discharge, a
slope, and a channel width could lead to the determination of statistically
similar digital elevation models. These digital elevation models in turn de-
termine the actual stability as well as the self-stabilisation potential of the
bed.
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The influence of sediment transport on the channel bed stability is of spe-
cial significance. It is known that fine sediment could fill up the troughs of
the channel, smoothen it, reduce the flow resistance so that destabilisations
are possible. For this process, the interrelation between the transported grain
sizes and the roughness geometry is important and requires further consid-
eration.

In case of realising nature-oriented man-made structures, the main ques-
tions concern the derivation of generalised design recommendations. Today,
a variety of different structure types exist. Although, there exist some expe-
rience for every specific type, a generalised consideration is required. In this
connection, the application area of every structure type needs to be specified.
Additionally, the description of the configuration of the different structures
is an important aspect as their stability needs to be compared between each
other. This issue has not yet been considered.
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Vogel, S. (2003). Ansätze zur Bemessung rauer Rampen in aufgelöster
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Notation

Latin Letters

Symbol SI-Unit Meaning

A m2 area

Ai S s area of solution wave recorded at probe i

At S s sum of recorded areas of all slug waves

Atot m2 total area of the channel bed

Awet m2 wetted area of the channel bed

A⊥ m2 upstream projected area of roughness ele-
ments

a constant

ag dimensionless parameter to describe a grain
size distribution

ai constants

am m morphological jump

ap m distance between pivot point and the centre
of gravity

aw m length of the wake-zone

B N buoyancy

Br constant

bi exponents

CD drag coefficient

CL lift coefficient

c Chézy-coefficient

cave average Chézy-coefficient

ck m−2 roughness density
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Symbol SI-Unit Meaning

(cont.) (cont.) (cont.)

clocal local Chézy-coefficient

cR damping factor

D m diameter of step forming element, boulder di-
ameter

D∗ m diameter of a sphere with the same mass as
the grain under consideration

Da m longest axis of the step forming element

Dc m diameter of step forming element for that c%
are smaller

DF fractal dimension

DL m characteristic length of a structure

Dmin m minimum required boulder size for the design
of a step

d m grain diameter

d0 m pipe diameter

db m grain size of the base material

dc m characteristic grain size for that c% are
smaller

di m average grain size of fraction i

dm m mean grain size

dm,D m mean grain size of the armour layer

dmax m maximum grain size

ds m equivalent grain diameter

dS variation of the channel gradient

ds m variation of the standard deviation of the
roughness heights

dZ m channel bed degradation

dZresi m residuals of the channel bed degradation in
the meso-scale

e constant

En constant

FD N drag force

FL N lift force
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Symbol SI-Unit Meaning

(cont.) (cont.) (cont.)

Fr Froude-number

f friction factor according to Darcy-Weisbach

G N gravity force

G′ kg weight of the outflowing sediment

g m s−2 gravitational acceleration

H m step height

H0 m specific energy height

HΔ m drop difference between two successive steps

h m flow depth

hc m critical flow depth

hf m friction loss height

hm m average flow depth

ho m approach flow depth

hs m scour depth

ht m tailwater depth

Δh m drop height

K constant

k m roughness height

k1 constant accounting for the influence of grain
shape

k2,k3 constant accounting for the grain exposure

k4,k5 constant accounting for the point of applica-
tion of the hydrodynamic forces

ks m equivalent sand grain roughness

kSt m1/3 s−1 Strickler-coefficient

kw m−1 wavenumber

L m step length

Lmacro m length of the macro-scale feature

Lp m length of the pipe section in Darcy-Weisbach
equation

l1 m distance between the step and the maximum
scour depth
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Symbol SI-Unit Meaning

(cont.) (cont.) (cont.)

l2 m length of the scour hole

N number of roughness elements

n s1 m−1/3 Manning-coefficient

nb number of large bed elements

nm number of measuring points

Pτ probability distribution of the flow induced
bed shear stress

Pτc probability distribution of the critical bed
shear stress

p frequency of occurrence

p∗ cumulative frequency of occurrence

pb m exposed height of the isolated roughness ele-
ment

pp N m−2 pressure

pw portion of the wetted flume area

Δpi portion of fraction i

Q m3 s−1 discharge

Qact m3 s−1 actual discharge

Qmax m3 s−1 maximal discharge

Qmin m3 s−1 minimal discharge

Q∗ dimensionless stream power

Q∗
m mean of dimensionless stream power for nat-

urally developed steps

Q∗
s standard deviation of dimensionless stream

power for naturally developed steps

q m2 s−1 specific discharge

q25 m2 s−1 specific discharge with a recurrence interval
of 25 years

q95 m2 s−1 specific discharge for that 95 % are smaller

qc m2 s−1 critical specific discharge

q∗c m2 s−1 critical dimensionless specific discharge

qi m2 s−1 specific discharge averaged over the zone of
influence of probe i
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Symbol SI-Unit Meaning

(cont.) (cont.) (cont.)

qm m2 s−1 average specific discharge

R hydraulic radius

Re Reynolds-number

Re∗ particle Reynolds-number

Ri risk of erosion

rS Ratio of the local slope to the average slope
of the whole flume

S channel gradient

Se energy gradient

Seq ultimate or equilibrium slope

Sf flume slope

dSmacro loss of slope for macro-scale bed features

Smean mm mean of the slope distribution

Sr ratio of slope accounting for the old and the
new bed condition

s m standard deviation of the bed elevations

sg dimensionless parameter to describe the
grain size distribution of the base material

smean mm mean of the standard deviation distribution

sr ratio of standard deviations accounting for
the old and the new bed condition

sτ N m−2 standard deviation of the flow induced shear
stress

sτ,c N m−2 standard deviation of the critical shear stress

swidth mm width (standard deviation) of the standard
deviation distribution

s∗ dimensionless grain density

stdqdis m2 s−1 standard deviation of the specific discharge
distribution

U m/s average velocity

U∗ m/s shear velocity

U∞ m/s approach velocity

u m/s velocity in x-direction
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Symbol SI-Unit Meaning

(cont.) (cont.) (cont.)

uc m/s critical grain velocity

W m channel width

Wd m width of the distribution

Wf m flume width

Wp m zone of probe influence

W (qmax) m channel width at the maximum discharge

Ww m water surface width

w m/s velocity in z-direction

Vs m3 stone volume

v m/s velocity in y-direction

x m general coordinate of place

xR m reattachment length

y m general coordinate of place

Z m roughness height

z general coordinate of place

zF m elevation of the free surface

zI m elevation of the upper level of the interfacial
layer

zi m elevation of point i

zL m elevation of the upper level of the logarithmic
layer

zm m mean of the bed elevation level

zR m elevation of the upper level of the roughness
layer

zRo m thickness of the roughness layer

zT m elevation of the troughs of a channel bed sec-
tion

Δz m drop height

238



Bibliography

Greek Letters

Symbol SI-Unit Meaning

α ◦ angle against the horizontal

αS constant

αst
◦ step angle

βS constant

γ semi-variance

δ m lag between two sample points

Θ dimensionless shear stress

Θc critical dimensionless shear stress

Θc,0 critical dimensionless shear stress at horizontal
slope

Θc,D critical dimensionless shear stress for the armour
layer

κ von-Kármán-constant

λ m wavelength of macro-scale bedforms

λa m antidune wavelength

μ N s m−2 dynamic viscosity

μ′ coefficient of friction

ν m2 s−1 kinematic viscosity

ρ kg m−3 fluid density

ρs kg m−3 sediment density

σg geometrical standard deviation of the grain size
distribution

τ N m−2 total shear stress

τ0 N m−2 bed shear stress

τc N m−2 critical shear stress

τ0,c N m−2 critical bed shear stress

τl N m−2 laminar shear stress

τt N m−2 turbulent shear stress

ϕ ◦ pivoting angle

ψ ◦ angle of repose
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Indices

Symbol Meaning

subscripts

fo form resistance component

gr grain resistance component

macro macro-scale

meso meso-scale

mm man-made structure

nat natural structure

new new condition of the bed

old old condition of the bed

superscripts

ū temporal mean

〈u〉 spatial mean

u′ temporal fluctuation

ũ spatial fluctuation
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Appendix 1 - Photographic
documentation

Figure 10.1: Flume (left) and salt dilution measurements (right).
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Chapter 10 Appendix 1 - Photographic documentation

Figure 10.2: Typical step features viewed from the side at a bedforming
discharge (above) and a discharge smaller than the bedforming discharge
(below).

Figure 10.3: Impressions from the flume experiments where macro-scale bar
features were existent.
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Chapter 10 Appendix 1 - Photographic documentation

Figure 10.4: Bed morphology and flow pattern at an experiment where bar
features were existent (left) and where bar features were not existent (right).
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Chapter 10 Appendix 1 - Photographic documentation

Figure 10.5: Man-made step structures (Type 4) with different vertical ex-
tension. The photographs show first mobilisations of step forming elements,
although the step structure is still stable.

Figure 10.6: Impressions from the experiments with man-made step struc-
tures. Left: Depending on the boundary conditions, bar features formed.
Right: Side view from step type 4.
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Appendix 2 - Data-CD

Within the present section, it is renounced to reproduce the data in a tab-
ulated form. Instead a Data-CD is offered, where the relevant data can be
obtained. The Data-CD is available on request at

email: info@vaw.baug.ethz.ch

URL: http://www.vaw.baug.ethz.ch
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